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Not teaching evolution is an injustice 


ince April, India has been roiled by controversy 
around the excision of several topics, including 
evolution and the periodic table, from school text- 
books (up to grade 10) by the National Council for 
Educational Research and Training (NCERT). This 
was projected as an exercise in “rationalization” of 
content aimed at reducing the study load on stu- 
dents. The move was opposed by large numbers of aca- 
demics and worried citizens. As the exclusion of specific 
topics in history and contemporary politics appeared to 
be in line with the ideology of the ruling party, many crit- 
ics assumed that the removal of science topics was also 
ideologically motivated. In turn, this spurred supporters 
of NCERT and the government to dismiss all criticism as 
being entirely political, rather than 
academic. Both sides in this debate 
have traded exaggerated accusations 
of mala fide intent, leading to crucial 
broader issues being obscured. 

In 1947, upon attaining indepen- 
dence from British rule, India was 
a poor country of about 340 million 
people, with only 12% literacy. Yet, 
its commitment to science educa- 
tion and research, and the use of 
science and technology to solve soci- 
etal problems, have enabled India to 
become the fifth-largest economy in 
the world. With the help of expertise 
in basic and applied sciences across 
all disciplines, Indian scientists have 
contributed substantially to advances made in technol- 
ogy-intensive areas such as food and nutrition, health 
care, energy, information technology services, and space. 

However, when it comes to teaching and research in 
evolution, India has begun to show signs of irrationality 
and extreme religiosity, reminiscent of what happened in 
parts of the United States earlier and even now. Opposi- 
tion to evolution in India is relatively recent, influenced 
in part by notions of intelligent design. Traditionally, un- 
like Abrahamic religions, Indic religions did not perceive 
evolution or Darwinism as a threat to their beliefs. The 
emergence of specifically anti-Darwinian stances, even 
while often still accepting evolution as a general process, 
may partly be motivated by the urge among some in India 
to claim that all major scientific insights can be traced to 
ancient India. This parochial nationalism, resulting in an 
uncritical ascription of most scientific knowledge to an- 
cient India, creates a particularly acute problem when it 
leads to the denial of much of our modern understanding 
of evolution. This emergence of anti-evolutionary ideas is 
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also particularly unfortunate as Indian evolutionary bi- 
ologists have contributed substantially to the field as well 
as to national and global problems of infectious diseases, 
biodiversity, and conservation, and have helped charac- 
terize India’s population diversity. 

India should not forget that technology is science- 
driven and, therefore, investment in technology will not 
yield dividends if basic science is ignored. Evolution is 
widely recognized as important not only to academic bi- 
ology, but also to understanding, managing, and solving 
many challenges that societies face worldwide. These 
include multidrug resistance in microbes, aging, in- 
creasing incidence of cancers, zoonotic pandemics, and 
ecological problems stemming from a warming world 
and anthropogenic environmental 
degradation. Evolution also directly 
addresses the manner in which hu- 
mans conceive of themselves; their 
origins, spread, identity, diversity, 
and health; and their relationships 
with other species. It is also one of 
the pillars of a rational worldview, 
in contradistinction to a supersti- 
tious or mythological view. In an as- 
pirational and rapidly modernizing 
country such as India, whose con- 
stitution exhorts citizens to nurture 
the scientific temper, limiting the 
teaching of evolution in India to the 
small subset of students who opt to 
take biology in grades 11 and 12 will 
result in the vast majority of students completing their 
basic schooling with little or no exposure to evolution- 
ary thought. This is unfair to students and a travesty of 
a modern, liberal, rational, and evidence-based educa- 
tion that is, ironically, envisioned in India’s New Educa- 
tion Policy, 2020. 

It is important that the entire scientific community, 
and not just evolutionary biologists, respond to this issue. 
In recent decades, biologists in India and worldwide have 
emphasized reductionist molecular and cellular biology, 
often ignoring evolution and ecology, thereby limiting ef- 
forts to tackle important biological challenges faced by so- 
cieties. Focusing only on applied and not basic research, 
and fueling hypernationalism, are problems not just in 
India, but in many other countries as well. Consequently, 
if the strong, unified pushback against the exclusion of 
fundamental concepts of evolution from grade 10 text- 
books in India were to trigger a reversal of the decision, 
it may also prove helpful beyond India. 

-L. S. Shashidhara and Amitabh Joshi 
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Adults expected to have diabetes globally by 2050—more than double 
the current number—because of rising obesity and growing health inequality, 
according to studies recently published in The Lancet journals. 


Edited by Matthew Warren and Michael Price 


At a 2016 U.S. FDA advisory panel meeting, Jen McNary and her son, Austin Leclaire (left), spoke in 
support of an earlier experimental muscular dystrophy treatment developed by Sarepta Therapeutics. 


Muscular dystrophy therapy approved 


he U.S. Food and Drug Administration has approved the first 
gene therapy for Duchenne muscular dystrophy (DMD), a genetic 
disease that cripples boys and usually results in death by age 30. 
The treatment from Sarepta Therapeutics introduces a short ver- 
sion of the gene for dystrophin, a crucial muscle protein, which 
is mutated in patients with DMD. A one-time intravenous infu- 
sion of a virus delivers the functioning “microdystrophin” gene into 
patients’ muscle cells. The 22 June approval is only for boys 4 to 5 years 
old, a group that appeared likely to benefit from the drug based on their 
elevated levels of the microdystrophin protein in a clinical trial. The 
approval could be revoked if an ongoing trial does not show improved 
muscle function. A single infusion will cost $3.2 million, Sarepta says. 
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U.S. OKs sale of lab-grown chicken 


FOOD SCIENCE | U.S. consumers will soon 
get their first taste of lab-grown meat, after 
the U.S. Department of Agriculture gave 
two companies— Upside Foods and Good 
Meat—permission to sell chicken produced 
from cells grown in bioreactors. Last 
week’s approval follows earlier decisions by 
the Food and Drug Administration stating 
that the chicken is safe to eat. The compa- 
nies plan to initially sell the meat, which . 
will be labeled “cell cultivated chicken,” 
only to select restaurants. The United 
States is the second country to approve a 
lab-grown meat product, after Singapore 
gave the green light to Good Meat chicken 
in 2020. The Good Food Institute, an 
industry think tank, predicts other govern- 
ments will soon follow suit. 


Fighting racial bias in medicine. 
PHILANTHROPY | Anew $10 million fund- 
ing initiative will support five scientific 
organizations as they investigate racial 
biases in medical decisions. The grants 
represent the largest single investment 
in such research to date, says the Doris 
Duke Foundation, which launched the 
initiative this week. Physicians routinely 
use algorithms that take into account 

a patient’s race when assessing risk of 
disease, making a diagnosis, or deciding 
on a course of treatment, but the conse- 
quences of including race as a variable 
are poorly understood. The newly funded 
projects will explore how these algo- 
rithms may exacerbate health disparities 
and how medical organizations can 
adjust their guidelines around the use 

of algorithms to improve health equity. 
Grant recipients include the American 
Academy of Pediatrics, the American 
Heart Association, and the Coalition to 
End Racism in Clinical Algorithms. 


HIV prevention disparities persist 


PUBLIC HEALTH | The use of anti-HIV 
drugs to prevent infection remains 
disproportionately low among Black and 
Hispanic people in the United States, 
according to a new analysis of pharmacy 
and consumer databases. Pre-exposure 
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ECOLOGY S 
Scientists size up human predatory footprint 


umans are the ultimate predators, trapping, hunting, or oth- 
erwise exploiting 15,000 species of vertebrates—300 times 
more species than jaguars and 113 times more than great 
white sharks. These numbers, which represent about one- 
third of all vertebrates, come from the first broad-scale 
analysis of humans’ toll on these animals, published this week 
in Communications Biology. The analysis, based on data from 
the International Union for Conservation of Nature, also shows 
that more than half of exploited terrestrial species—particularly 


prophylaxis (PrEP), which protects 
uninfected, at-risk people from HIV, has 
become increasingly popular in the U.S. 
since receiving regulatory approval in 
2012. Data published last week on AIDSVu, 
an interactive map created by Emory 
University researchers, show that nation- 
wide use increased 20% from 2021 to 
2022. But only 14% of PrEP users are Black 
and 17% are Hispanic, even though these 
groups make up 42% and 27% of new HIV 
diagnoses, respectively. AIDSVu released 
the new data on the eve of National HIV 
Testing Day, 27 June, a public health initia- 
tive that encourages the wider use of PrEP. 


Windpipe transplanter sentenced 


REGENERATIVE MEDICINE | Surgeon Paolo 
Macchiarini last week was sentenced to 

2 years and 6 months in prison by a Swedish 
appeals court after it found him guilty 

of gross assault against three patients into 
whom he implanted artificial windpipes 
seeded with stem cells. Macchiarini per- 
formed the experimental surgeries on the 
patients while working at the Karolinska 
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Institute in the early 2010s. At the time, the 
procedure was hailed as a breakthrough in 
regenerative medicine, but all the patients 
died after the implants failed and by 2016 
Macchiarini had been fired amid allegations 
of fraud and ethical violations. The verdict, 
announced on 21 June, overturns a 2022 rul- 
ing that found Macchiarini guilty of “bodily 
harm” in two cases and gave him a sus- 
pended sentence. Macchiarini’s lawyer has 
said the defense team will appeal the ruling 
to the Swedish Supreme Court. 


Building a better TB vaccine 


PUBLIC HEALTH | A large-scale efficacy 
trial of a promising tuberculosis (TB) 
vaccine will soon launch with substantial 
backing from two major philanthropies. 
The vaccine, dubbed M72, has so far 
crawled through clinical trials. A placebo- 
controlled study completed in 2015 found 
that in adults who had latent infections 
with the TB-causing mycobacterium, 
those who received the vaccine had half 
as many cases of the life-threatening pul- 
monary form of the disease. (A TB vaccine 


birds, reptiles, and amphibians—are caught live and sold as pets. 
Because of other factors such as climate change and habitat 
destruction, the researchers expect the proportion of targeted 
species threatened with extinction—which currently sits at 39%— 
will grow. Those most at risk, including large grazers such as the 
addax (Addax nasomaculatus) in the Sahara Desert, fill unique 
roles in ecosystems and are irreplaceable, says lead author Chris 
Darimont, a conservation scientist at the University of Victoria 
and the nonprofit Raincoast Conservation Foundation. 


developed more than a century ago offers 
some protection to young children, but 
does little to prevent pulmonary disease 
in adolescents and adults.) The new trial 
will enroll 26,000 people at more than 
50 sites in Africa and Asia. In 2020, a 
research branch of the Bill & Melinda 
Gates Foundation acquired the license 
from the vaccine’s initial developer, GSK, 
to further develop the candidate and then, 
if it proves its worth in efficacy trials, 
make it available to poor countries hit 
hardest by TB. The Gates foundation will 
foot $400 million of the estimated 

$550 million needed to complete the 
multiyear trial, with the Wellcome Trust 
making up the balance. 


Fauci to join Georgetown faculty 


ACADEMIcs | Anthony Fauci, who in 
December 2022 stepped down as director 

of the National Institute of Allergy and 
Infectious Diseases and as chief medical 
adviser to President Joe Biden, announced 
this week that he will be a professor at 
Georgetown University’s School of Medicine. 
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wave hum fi 


Subtle shifts in stellar 
waves from mergers 0. 


By Adam Mann 


y turning networks of dead stars into 
galaxy-size gravitational wave detec- 
tors, radio astronomers have tuned 
into the slowly undulating swells 
in spacetime thought to arise from 
pairs of supermassive black holes 
(SMBHs) that are about to collide. 

In a simultaneous announcement on 
28 June, five separate international teams 
said that after nearly 20 years of effort they 
had found evidence for these gravitational 
waves. They are far longer than the waves 
first captured by ground-based detectors 
in 2015, which emanate from collisions 
of star-size objects. The findings not only 
open up a new window in gravitational 
wave astronomy, but will also help re- 
searchers answer questions about the ori- 
gin and evolution of SMBHs, objects that 
sit at the center of galaxies and weigh as 
much as billions of Suns. The results could 
even uncover hints of new physics. 

“Tm so thrilled to live through the era 
of not only one [gravitational wave] detec- 
tion, but multiple detections,” says Vicky 
Kalogera, an astrophysicist at Northwest- 
ern University who wasn’t involved with 
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the work. “This is really epic,’ agrees 
Jason Hessels of the University of Amster- 
dam, who formerly worked with one of the 
teams announcing the findings. 

The new results rely on millisecond pul- 
sars, highly magnetized stellar remnants 
that emit beams of radiation as they spin 
as fast as 1000 times per second. Their 
lighthouse-like radio signals sweep past 
our planet with a regularity that rivals an 
atomic clock. Should a passing gravitational 
wave intrude anywhere along the path be- 
tween Earth and the pulsar, it will stretch 
and squash the fabric of space—and cause 
small variations in the timing of the flashes. 
“Those ultraprecise signals will arrive a 
little bit early, and then a little bit late,” 
says Chiara Mingarelli, an astrophysicist at 
Yale University and a member of the North 
American Nanohertz Observatory for Gravi- 
tational Waves. NANOGrav is one of the five 
international pulsar timing arrays (PTAs), 
which draw on data from a dozen radio tele- 
scopes around the world to monitor dozens 
of the beacons for evidence of the waves. 

The challenge is immense because of 
the many potential corrupting sources of 
noise: radio interference from terrestrial 
technology and satellites, scattering of the 


Like buoys in an ocean, pulsars bob on undulating 
gravitational waves from supermassive black holes. 


pulsar’s radio beams by intervening clouds 
of gas, and tiny random variations in the 
spins of the pulsars themselves. “You have 
to beat down all these confusing signals,” 
Hessels says. 

But NANOGrav investigators now feel 
they have strong evidence for the waves, in 
a 15-year data set of 67 pulsars located up 
to 20,000 light-years away. They identified . 
anomalies of one part in a quadrillion— 
comparable to measuring the distance 
between Earth and the Moon to within 
1/1000th of 1 millimeter. The team is report- 
ing the detection at a 3.5- to 4-sigma level, 
indicating more than 99% confidence that 
the signal is real. However, this falls short 
of the 5-sigma threshold that physicists of- 
ten want before claiming a discovery. “As a 
group we've agreed to avoid the D-word,” 
says team member Scott Ransom of the 
National Radio Astronomy Observatory. 

NANOGrav’s results were published in 
five papers in The Astrophysical Journal 
Letters, while simultaneous papers ap- 
peared in other journals from the European 
PTA, the Australian PTA, the Indian PTA, 
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and the Chinese PTA. The data sets are 
different: NANOGrav monitored the most 
pulsars, the European PTA had the longest 
running data set, and the Australian PTA 
was the only effort watching pulsars in the 
southern skies. But, “We’re confident about 
the result because we're all seeing the 
same thing,” says Michael Kramer, a leader 
of the European PTA at the Max Planck In- 
stitute for Radio Astronomy. 

The signal is very different from what 
ground-based detectors such as the Laser 
Interferometer Gravitational-wave Observa- 
tory (LIGO) pick up. Those are sensitive to 
the milliseconds-long blasts of waves pro- 
duced by individual mergers of black holes 
and neutron stars with masses tens of times 
that of the Sun. The pulsar timing results in- 
stead represent many waves, each years to 
decades long, overlapping in a cumulative 
background hum. Each wave is generated 
by a pair of SMBHs somewhere in the uni- 
verse whose host galaxies have collided and 
merged. The black holes orbit one another 
for tens of millions of years, emitting gravi- 
tational waves in the lead-up to an eventual 
merger. (Unlike LIGO, the PTAs are not sen- 
sitive to the mergers themselves—just the 
death spirals.) 

The background - signal 
could include other, more ex- 
otic sources. Primordial gravi- 
tational waves might have 
been generated shortly after 
the big bang if the universe 
experienced convulsions from 
a still-hypothetical breakneck 
expansion in size known as 
inflation. Some theorists also 
posit that the violent emer- 
gence of one of the funda- 
mental forces at the dawn of 
time left defects in spacetime 
called cosmic strings, which 
would now stretch across the 
universe, vibrating like piano 
wires and emitting gravita- 
tional waves in the range that 
PTAs are sensitive to. 

Certain kinds of dark 
matter—the mysterious sub- 
stance that makes up 80% of 
the matter in the universe— 
might also produce the long- 
period oscillations. The PTA 
results already help rule out 
some lightweight dark mat- 
ter particles, which would 
have produced a_ bigger 
anomaly than was observed, 
says Andrea Mitridate, a 
NANOGrav team member 
at DESY, Germany’s particle 
physics laboratory. “This is 
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really going into new territory and set- 
ting bounds and constraints in ways which 
have never been done before.” 

If galaxy mergers really are the source of 
the background, the finding would settle a 
lingering question. Theoretical work in the 
1980s suggested pairs of orbiting SMBHs 
would slowly get closer as they lost energy 
to gravitational waves. But they would even- 
tually stall out just a few light-years apart, 
where they would hang on in their dance 
for longer than the age of the universe be- 
fore approaching close enough to generate 
strong gravitational waves at frequencies 
most detectable by the PTAs. The fact that 
the PTAs detected a signal at all suggests 
that friction from gas and dust—or other 
stars and black holes—must be helping 
the SMBHs shed energy and pass the stall- 
out threshold. 

The background signal is stronger than 
expected, implying that this population of 
imminently merging SMBHs numbers in 
the hundreds of thousands, perhaps even 
millions. It could also mean the SMBHs 
are either bigger or merging more quickly 
than astronomers previously predicted— 
a possibility consistent with observations 


A gravitational wave spectrum 
The 100-meter-wide Green Bank Telescope in West Virginia was a critical tool 
. inthe pulsar timing arrays that have now detected long-period gravitational 
waves, likely from gargantuan black holes. Detectors on the ground and in 
space are sensitive to shorter period waves from other sources. 


DETECTOR TYPE 


Pulsar timing 


from NASA’s JWST space telescope hinting 
that galaxies grew larger and faster in the 
early universe than once thought. 

Each PTA has its own quirks and sources 
of noise, says Priyamvada Natarajan, a theo- 
retical astrophysicist at Yale. But because 
the five collaborations together monitor 
more than 100 pulsars, “a combined analy- 
sis would likely help us cross the [5-sigma] 
threshold to an actual detection.” That could 
happen in the next year or two, she thinks. 

By mapping how the overall background 
varies on the sky, the PTAs might eventu- 
ally get good enough to detect individual 
SMBH pairs in the nearby universe, en- 
abling other telescopes to zoom in to study 
what happens in galaxies after they merge. 
More pulsars would help. The Canadian 
Hydrogen Intensity Mapping Experiment, 
a radio survey telescope, is on the hunt, 
and China’s Five-hundred-meter Aperture 
Spherical radio Telescope, the world’s big- 
gest, is finding pulsars too faint for other 
facilities. The Deep Synoptic Array, a pro- 
posed collection of 2000 radio dishes in the 
Nevada desert, could add to the harvest. 

The European Space Agency’s Laser 
Interferometer Space Antenna (LISA), a 
space-based detector, might 
help fill out the spectrum of 
gravitational waves. LISA, 
which is scheduled to launch 
in 2037, would be able to see 
gravitational waves in a wave- 
length range between those 
observed by LIGO and the 
PTAs. These would come from 
mergers of intermediate-size 
black holes, those between 
100,000 and 10,000,000 times 
our Sun’s mass, such as the 
one that lives in the center of 
the Milky Way. “The hope is 
that we can paint a picture of 
the entire gravitational wave 
landscape, reaching from very 
low frequencies all the way up 
to very high frequencies,” says 
Kai Schmitz, a NANOGrav 
team member at the Univer- 
sity of Minster. 

Having heard the cosmic 
hum, the teams now want to 
listen more closely, digging 
deeper into their data sets to 
find out what else they might 
learn. “We're not even close to 
the end of the story,’ Hessels 
says. “It’s a game of dedica- 
tion and patience.” 


With reporting by Daniel Clery. 
Adam Mann is a journalist in 
Oakland, California. 
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COVID-19 


Scientists, U.S. counter claims 
of pandemic patient zero at lab 


Intelligence report offers little new on SARS-CoV-2’s origin 


By Jon Cohen 


he fiery, politicized debate over 
whether COVID-19 began with a labo- 
ratory mishap flared anew last week. A 
Wall Street Journal (WSJ) article said 
anonymous sources had confirmed 
an online newsletter’s report naming 
three scientists at China’s Wuhan Institute of 
Virology (WIV) as the pandemic’s first cases 
in November 2019, supposedly infected dur- 
ing a risky coronavirus research project. Ma- 
jor newspapers, TV stations, and social media 
spread the charges. But Ben Hu, alleged by 
some outlets to be the first case at WIV, de- 
nied that he was ill in late 2019 or that his 
work had any link to the emergence of SARS- 
CoV-2. And a declassified U.S. intelligence 
report on COVID-19’s origin released on 
23 June did not name him or substantiate 
that any WIV scientists had the initial cases. 

“The recent news about so-called ‘patient 
zero’ in WIV are absolutely rumors and ridic- 
ulous,” Hu emailed Science in his first public 
response to the charges, which the newsletter 
Public reported on 13 June, citing unnamed 
US. government officials. A colleague of Hu’s 
whom Public also named denies having had 
one of COVID-19’s first cases. 

Republicans in Congress may have thought 
classified intelligence would tell a different 
story about the long-rumored “sick” WIV 
scientists. Earlier this year, they introduced 
a bill—which Congress passed and President 
Joe Biden signed into law on 20 March— 
that ordered declassification and release of 
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COVID-19 origin information within 90 days. 
The law asked for the names and other de- 
tails of any WIV researchers who were ill just 
before COVID-19 surfaced publicly in Wuhan. 

The report, issued by the Office of the Di- 
rector of National Intelligence (ODND, says 
some at WIV were sick at that time with 
“symptoms consistent with but not diagnos- 
tic of COVID-19.” But it doesn’t identify the 
three scientists and it further states, “We have 
no indications that any of these researchers 
were hospitalized because of the symptoms 
consistent with COVID-19”” 

Hu is an appealing suspect for those who 
believe the pandemic virus leaked from WIV, 
rather than coming from infected animals at 
a Wuhan market, the other main theory. Hu 
and the other WIV scientists named in media 
reports, Yu Ping and Zhu Yan, worked in a 
lab run by Shi Zhengli, a coronavirus scientist 
long the target of allegations she has covered 
up a lab leak. Hu was also a lead author on 
a 2017 paper in PLOS Pathogens describing 
an experiment that created chimeric viruses 
by combining genes for proteins from bat 
coronaviruses that would not grow in cul- 
tures with the genome of one that did. 

This paper has received intense scrutiny 
because it was partially funded by the U.S. 
National Institutes of Health (NIH) and, lab- 
leak proponents insist, resulted in a virus 
more dangerous to humans. NIH officials 
have denied this and noted that the viruses 
created were not close SARS-CoV-2 relatives. 

Hu tells Science he never worked with 
live viruses in that experiment or any others 
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Whether SARS-CoV-2 came from the Wuhan Insti upde 


of Virology remains a divisive mystery. 


done in Shi’s lab. “My work ... was mainly 
genome characterization and evolutionary 
analysis of viruses,” Hu wrote. Yu also denied 
being involved with live virus experiments. 
“T like bioinformatics and I mainly engage 
in gene sequencing and data analysis in the 
laboratory,’ she wrote. Both also insisted to 
Science they did not get sick in late 2019, 
let alone had COVID-19 or symptoms of 
it. Yu emailed Science that the charges are 
“fake news.” (Zhu did not reply to emails.) 
Shi backs up their accounts. She wrote in 
an email that Hu, Yu, and Zhu “worked on 
genome sequencing based on extract RNA 
and never worked on live virus. ... All the al- 
legations about the lab-associated accident 
of COVID-19 are wrong.” 

Lab-leak proponents have discounted Shi’s_ . 
protests before, saying she and China have a 
clear reason to lie if work at WIV led to the 
pandemic. They stress that WIV has refused 
to allow outside investigators to conduct an 
independent review of lab notebooks and the 
like, and to make public a bat coronavirus 
database it removed from the internet. 

ODNI’s new report notes that agencies in 
the US. intelligence community (IC) disagree 
about the pandemic’s origin. The Depart- 
ment of Energy and FBI think there was a 
lab leak, it says, noting that they have differ- 
ent rationales but leaving them unexplained. 
Five other intelligence branches lean toward 
a spillover from an animal, ODNI says. The 
report also dismisses the allegation, circu- 
lated by some lab-leak proponents, that the 
virus was developed or enhanced in a labo- 
ratory, perhaps for military purposes. “Most 
agencies assess that SARS-CoV-2 was not 
laboratory-adapted,” it says. “All IC agencies 
assess that SARS-CoV-2 was not developed as 
a biological weapon.” 

The brevity of the report—which only has 
five pages of original content—enraged Re- 
publicans who had spearheaded the declas-_ . 
sification law. Senator Mike Braun (R-IN) 
tweeted, “The COVID-19 Origin Act calls for a 
full declassification, not Cliffs Notes to cover 
for Dr. Fauci and protect China.” 

Republicans in the House of Representa- 
tives who run an intelligence subcommittee 
on the pandemic have continued to push hard 
on the lab-leak theory, recently interview- 
ing Scripps Research evolutionary biologist 

Kristian Andersen for more than 8 hours. 
He worked on a 2020 paper that dismissed 
the idea that a lab engineered the virus. The 
House members have also subpoenaed his 
Slack messages connected to that work. “We 
are following the breadcrumbs of a COVID 
cover-up straight to the source!” tweeted the 
subcommittee’s Twitter handle. m 
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Consciousness hunt yields results but not clarity 


Two rival theories of how it emerges went head-to-head in brain-scanning experiments 


By Elizabeth Finkel, in New York City 


mid rock music, a rap about con- 
sciousness, and the calling in of 
a 25-year-old drunken bet, camps 
backing two leading theories of how 
consciousness arises from the brain 
waited anxiously in a Greenwich Vil- 
lage theater last week to hear who had won 
the first round of an “adversarial collabo- 
ration.” On balance, the initial results from 
the experiments, which recorded brain ac- 
tivity as volunteers watched screens and 
pressed buttons, favor the idea that con- 
sciousness arises in sensory areas at the 
back of the brain. But the opposing 
camp is far from ready to concede. 
It still contends that consciousness 
emerges within the brain’s “execu- 
tive” center, the prefrontal cortex. 

“The results ended up challeng- 
ing both [groups], with key pre- 
dictions of the two theories being 
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collaboration, funded by the Templeton 
World Charity Foundation (TWCF), set out 
to pit the theories against each other. 
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A study participant observes onscreen images while researchers record 


brain activity with magnetoencephalography. 


the neural markers of conscious perception, 
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the sensitivity of the experiment compared 
with methods of analysis that simply mea- 
sure the strength of a signal in a specific 
brain region. Researchers initially “trained” 
the decoders by feeding them examples of a 
participant’s brain activity data along with 
the corresponding image. 
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porting both active and passive perception 
should be similar enough to allow the de- 
coder to cross train: If it’s only been trained 
on signals from a person passively observ- 
ing a face, it should still be able to decode 
data from the button-pressing task. IIT pre- 
dicts that cross-training will work best with 
brain signals from the posterior regions, the 
proposed site of conscious perception. 

The results, also published in a 
26 June preprint, were surprisingly mixed. 
When it came to decoding categories of ob- 
jects, the data provided strong support 
for GNWT. But for decoding the orienta- 
tion of faces, IIT was the better fit. 

Other analyses revealed interactions be- 
tween visual and frontal zones during con- 
scious perception, Mudrik says—a finding 
that aligns with GNWT. 

But the duration of the signatures as- 
sociated with conscious perception offered 
stronger support for IIT. Activity persisted at 
the back of the brain for as long as the image 
was presented. In contrast, GNWT predicts 
an initial activity spike—the “ignition” of the 
frontal workspace—and another when the 
stimulus disappears. That theory scored a 
partial win: There was evidence for an initial 
spike, but not the “off” spike. 

Many IIT advocates are ready to declare 
victory. “The results corroborate IIT’s overall 
claim that posterior cortical areas are suf- 
ficient for consciousness, and neither the 
involvement of [the prefrontal cortex] nor 
global broadcasting are necessary,’ Melanie 
Boly, a neurologist and neuroscientist at UW 
Madison and a leading proponent of IIT, said 
at the ASSC presentation. 

Although Dehaene agrees the new results 
bolster back-of-the-brain theories, he says 
many theories beyond IIT make similar 
predictions. More importantly, he says, the 
design of the study compromised the sensi- 
tivity of decoding from the front of the brain 
that would have supported GNWT. Tononi 
was keen on that design, he says. 

But the competition will go another round, 
and Dehaene will get his preferred design. 
The next TWCF-funded experiment, which 
the research team hopes to present at next 
year’s ASSC meeting, will compare brain sig- 
nals when participants are aware of seeing 
images and when they fail to consciously see 
them because of a distraction. 

Although Koch’s favored theory now has 
a leg up on GNWT, he had to concede that 
science hasn’t yet found the neural corre- 
lates of consciousness. He paid off the bet 
to Chalmers with a case of fine wine. “I’ve 
lost the battle,” he declared onstage, “but 
won the war for science.” & 


Elizabeth Finkel is a journalist based in 
Melbourne, Australia. 
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Jeremy Farrar, here at May’s World 
Health Assembly, has landed a new job. 


PUBLIC HEALTH 


WHO’s new chief scientist wants 
to look to ‘tomorrow’ 


Jeremy Farrar says more must be done about COVID-19, 
but agency should aim to anticipate its next major challenges . 


By Kai Kupferschmidt 


t the beginning of May, after almost 10 years at the helm of one of the world’s richest 

biomedical foundations, British physician Jeremy Farrar traded funding clout for a 

bigger international stage, moving to Geneva to become chief scientist at the World 

Health Organization (WHO). Farrar had helped make the U.K.-based Wellcome Trust 

a major player in global issues such as infectious diseases and the health effects of 

climate change. He also wasn’t shy about criticizing WHO’s leadership, specifically its 
slow response to the West African Ebola outbreak in 2014. 

Only the second person in the chief scientist post, he succeeds Indian pediatrician Soumya 
Swaminathan, who was promoted from another WHO position in March 2019 and left the 
new post late last year. “I think it’s fair to say that the role of chief scientist is still to be fully 
framed,” Farrar says. But in his eyes it offers an opportunity to provide countries with sci- 
ence to help their political decision-making. “I wanted to do something closer to countries, 
because ultimately, that’s where health and science is going to be delivered.” 

COVID-19 will remain a focus, Farrar said in an interview last week, because the world 
needs to prepare for the unlikely but possible scenario “that we could go back in a bad direc- 
tion.” But he also wants to look forward. “Part of what I would like to achieve is bringing a 
sense of tomorrow into the World Health Organization.” Science’s exchange with Farrar has 
been edited for brevity and clarity; a fuller version is at https://scim.ag/WHOFarrar. 
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Q: Why did you decide to take on this job? 
A: The world is facing some really big 
challenges and I think almost all of 

them are transnational. Climate change, 
pandemics, antimicrobial resistance, 
demographic shifts, inequality: These ulti- 
mately require the world to find a way of 
working together even if they can’t agree 
on anything. And if you believe that, then 
you can’t just sit on the sidelines and say: 
“Multilateralism is great.” ... If you can 
make a contribution to [it], your career 
will have had meaning. 


Q: How do you hope to make a contribution? 
At Wellcome you were running one of the 
wealthiest, biggest science funders in the 
world, now you are in a chronically under- 
funded international organization. 

A: It is very different and maybe that was 
actually the attraction. I think science will 
be central to [WHO] and it will be central 
as a mechanism to feed into how govern- 
ments make decisions. Money is critical, 
but it’s not enough. If you’re not willing to 
use the best evidence to inform the best 
policies, then no matter how much money 
you've got, you're going to struggle. 


Q: What exactly is the job of WHO's chief 
scientist? 

A: I think governments, U.N. agencies, 
WHO need to anticipate what is coming, 
and then debate this in nations, in the 
public, in the media: data, artificial intel- 
ligence, genomics, and the ability to ma- 
nipulate genomes in agriculture, human 
and animals, climate change, and so on. 
What is coming down the track? What do 
we need to prepare for now, to ensure that 
inequality and health disparities are not 
exaggerated by those new technologies? 


Q: You've said very often that in February 
2020, we really knew everything we needed 
to know about SARS-CoV-2. So how do you 
make sure knowledge has impact? 

A: There’s no doubt that countries around 
the world made their own decisions 
[about COVID-19] based on their own 
drivers. No individual country got every 
decision right. I believe that you are bet- 
ter in policymaking if you have access to 
the available evidence and science and 
data. The decisions you then make are 
largely political. But try and do that in the 
absence of science and you have weaker 
options. I think there is a much greater 
appreciation in 2023 than there was in 
2020 of the importance of having scien- 
tific input in decision-making. 


Q: That surprises me. Science is under 
attack around the world and it seems like 
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dismissing science has become easier 
because it is cast as part of the elite. 

It’s part of the populist playbook to 
denigrate scientists. 

A: I agree with you that we are in that de- 
bate. But there has always been a debate 
about these issues, going back to Galileo, 
and to Darwin and John Snow. If in Feb- 
ruary 2020 you had told me we will have 
a vaccine available before the end of the 
year, and that within 2 years, probably 
somewhere over 6.5 billion people will 
have lined up in supermarkets, football 
stadiums, etc. to be vaccinated by some- 
body they’ve never met before and will 
never meet again, and will have repeat- 
edly done that once, twice, three times ... 
I would have been amazed. 


Q: How much of a threat is COVID-19 now? 
A: The most likely scenario is the one that 
the world is sort of now in: that with a 
combination of vaccination and natural im- 
munity from infection, new variants are to 
a large degree constrained. My concern has 
always been that there are other scenarios. 
... It would be unthinkable in 2026, 2027, 
2028 for us to go back to March 2020. I 
think that is unlikely, but we should be 
prepared. We are not where we need to be. 
We don’t have transmission-blocking vac- 
cines. Frankly, we don’t have good enough 
therapies yet. And the impact of what is 
called Long Covid is going to be huge. 
When you've had 6.5, 7 billion people 

in the world infected, you only have to 
increase the risk of diabetes, dementia, 
cardiovascular disease by a tiny percent- 
age, and you've got a huge long-term 
problem. We’ve got to understand Long 
Covid and find ways of preventing it, but 
also treatments. 


Q: What about your own future? What 
would make you feel you made a difference 
at the end of this job? 

A: My contract covers 2 years for now 

and I haven’t thought beyond that. I 

think an individual rarely changes things 
dramatically. [But] if you can be part of 

a leadership team, help the organization 
through [WHO Director-General] Tedros 
[Adhanom Ghebreyesus] to move forward 
in this peri-pandemic era, to learn the true 
lessons of the last 3 years ... I would look 
back in 2 years’ time and say that the team 
here pushed it forward a little bit. We're all 
tired at the moment. We're all fed up with 
COVID. We've all been affected personally, 
professionally, but we need to lift our eyes 
because I think the future is bright. But it 
won't just happen by chance, we have to 
push our future. And if I can contribute to 
that, that’s great. 


FUNDING 


U.S. military 
contract could 
boost status of 
Black university 


Defense research institute 
aims to turn Howard into 
a top research university 


By Jeffrey Mervis 


he U.S. Air Force wants scientists 
at Howard University to figure out 
how its fighter pilots can team up 
with robotic co-pilots to defeat 
enemy combatants. 

But aerial superiority isn’t the 
only goal of Howard’s new Research Insti- 
tute for Tactical Autonomy (RITA). Univer- 
sity officials are also hoping the Air Force’s 
initial 5-year, $90 million investment in 
RITA—under a special arrangement that 
makes additional funding all but certain— 
will help Howard became the first histori- 
cally Black institution to ascend to the top 
ranks of the nation’s research universities. 

“This should be a real game changer,” 
predicts Danda Rawat, an electrical en- 
gineer and associate dean for research at 
Howard who will be RITA’s founding direc- 
tor. “We’ve been doing a lot with a small 
amount of resources,’ says Rawat, who 
now directs a $7.5 million Department of 
Defense (DOD) center of excellence on ar- 
tificial intelligence and machine learning. 
But the new university-affiliated research 
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center (UARC) announced in January “isa . 


huge step.” 

The Air Force’s expected long-term in- 
vestment in Howard, one of the nation’s 
104 historically Black colleges and univer- 
sities (HBCUs), addresses a congressional 
mandate that DOD begin to distribute its 
massive research budget more equitably. 
The UARC—the 15th such center funded 
by DOD and the first for the Air Force—is a 
potent mechanism for doing so. 

Special rules that allow a UARC to re- 
ceive a steady stream of DOD contracts 
without external competition have fueled 
the growth of such academic powerhouses 
as Johns Hopkins University. In 1942, a 
project at Hopkins to develop a more le- 
thal artillery shell morphed into DOD’s first 
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UARC, the Applied Physics Laboratory. APL 
is now a $2-billion-a-year juggernaut with 
more than 8200 employees. 

No HBCU has a research budget even 
1/10th that size. “I’m told this is largest re- 
search award ever received by an HBCU,’ 
says Victoria Coleman, chief scientist for 
the Air Force. “The underresourcing of 
HBCUs didn’t get created overnight, and 
the problem isn’t going to get solved over- 
night. And in my book, [this center] is still 
not enough. But a vehicle like UARC, some- 


the 11 HBCUs that had announced the goal 
of becoming R1s. Four submitted proposals, 
and in January the Air Force chose Howard, 
arguably the best known HBCU, as the lead 
institute in a consortium of eight HBCUs 
that will operate RITA. 

The institute’s mission is to develop tech- 
nologies that enable seamless and instanta- 
neous joint reasoning and decision-making 
between human and machine. That is a 
much bigger challenge than the autonomy 
needed for self-driving vehicles, Rawat says. 


Howard University President Wayne Frederick (left) and Air Force Secretary Frank Kendall celebrate a new center. 


thing that’s going to be there for the long 
haul, can be an important stepping stone.” 

In announcing the Howard contract, Sec- 
retary of Defense Lloyd Austin noted that 
HBCUs train 30% of all Black scientists and 
engineers yet receive only 0.05% of DOD’s 
massive R&D budget, which is approaching 
$100 billion. In 2020, Congress directed the 
agency to do more to build the research ca- 
pacity of HBCUs, and the next year it gave 
DOD permission to use the UARC funding 
mechanism to achieve those goals. 

Last year, legislators were even more 
explicit, telling DOD to target funding 
to HBCUs striving to join the roughly 
150 universities labeled R1 under a volun- 
tary classification system for academic insti- 
tutions based on their research activity. In 
response, DOD took the unprecedented step 
of restricting competition for the UARC to 
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Those who follow defense research give 
the Air Force’s decision a thumbs-up. “This 
award makes perfect sense given the con- 
gressional directive,” says Andrew Metrick, 
a defense fellow at the Center for a New 
American Security. “Tactical autonomy is a 
critical need for the Air Force,” he notes, 
and the cachet of a UARC will make it eas- 
ier for Howard to win contracts from other 
branches of the military for related work. 

Coleman says some senior Air Force offi- 
cials had reservations about forming a ma- 
jor, long-term relationship with an HBCU 
because it lacked the pedigree of the top- 
tier research universities that operate most 
UARCs. But Coleman says her boss, Secre- 
tary of the Air Force Frank Kendall, backed 
her up when she presented the idea of an 
HBCU-only competition for a new UARC. 
“What took you so long?’” Coleman recalls 


his reaction. “That was a really good day.” 

In holding the competition for its new 
UARC, the Air Force decided it would only 
accept proposals from consortia of institu- 
tions, seeing that structure as a good way 
to both build capacity across HBCUs and to 
draw on their diverse populations. DOD first 
used that approach 15 years ago in funding a 
UARC on systems engineering, and its direc- 
tor says there is strength in numbers. 

“When you're a large university, your 
natural inclination is to think you can do it 
all yourself” says Dinesh Verma, a systems 
engineer at the Stevens Institute of Techno- 
logy who has led the Systems Engineering 
Research Center since its formation. “There 
were quite a few naysayers at the begin- 
ning because all the previous UARCs were 
located at large, well-established universi- 
ties. But a smaller university is more open 
to the idea of a network, which has worked 
very well.” 

Bindu Nair, head of DOD’s basic research 
office, hopes the RITA will not only help 
Howard attain R1 status, but also expand 
the nation’s pool of STEM talent. “Being 
an R1 is what higher ed uses to measure 
research capacity,’ says Nair, a materials 
scientist who came up through the Army’s 
research system. But a more important 
goal, she says, “is creating more students 
capable of doing high-quality research. And 
if institutions are committed to doing that, 
then we will support them in getting to 
where they want to be.” 

The heavy teaching load carried by HBCU 
faculty is a major impediment to becom- 
ing a research powerhouse, Nair says. “We 
hear it from them all the time: ‘How am I 
supposed to focus on my research if I have 
these requirements in terms of teaching?’ 
But they don’t want to give up the teaching, 
because that’s where a lot of the mentoring 
takes place.” 

The promise of continued funding that 
comes with a UARC is designed to remove 
that obstacle, Coleman says. “If you have 
money to do research, you also have money 
through overhead that allows you to hire 
additional people,” she says. “And the UARC 
will give them the confidence to add faculty, 
equip their labs, and build up their pro- 
grams by training more students.” 

Now in temporary quarters on Howard’s 
main campus in northwestern Washington, 
D.C., RITA expects to move early next year 
into a 10-story building being renovated at 
an off-campus site a few kilometers away. 
Bruce Jones, Howard’s vice president for re- 
search, can’t wait to see it in action. 

“When DOD commits to a UARC, it’s 
not just to fund more research,” Jones 
says. “It’s also a promise to mentor the 
next generation.” 
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Scientists are learning how to 
cryopreserve living tissues, 


organs, and even whole organisms, 
then bring them back to life 


Akidney recently removed from a rat normally decays quickly. But if preserved in extreme cold and artfully warmed, it can have a second life. 


he rat kidney on the operating 
table in front of Joseph Sushil Rao 
looked like it had been through hell. 
Which it had—a very cold one. 
Normally a deep pink, this 
thumbnail-size organ was blanched 
a corpselike gray. In the past 
6 hours, it had been plucked from 
the abdomen of a white lab rat, 
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By Warren Cornwall 


pumped full of a black fluid, stuck in a 
freezer cooled to -150°C, and zapped by a 
powerful magnet. 

Now, in a cramped, windowless room on 
the 11th floor of the University of Minne- 
sota’s (UMN’s) Malcolm Moos Health Sci- 
ences Tower, Rao lifted the kidney from a 


small plastic box and gently laid it inside the 
open abdomen of another white rat. Peer- 
ing through a microscope, the transplant 
surgeon-in-training deftly spliced the kid- 
ney’s artery and vein into the rat’s abdominal 
blood vessels using a thread half the thick- 
ness of a human hair. 

When he finally removed the tiny clips 
pinching off the blood supply from the aorta, 
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the kidney blushed pink, a good first sign. 
Then he waited. Forty-five minutes later, a 
golden drop of urine emerged from the ure- 
ter that would normally feed from the kidney 
to the bladder. 

Just before midnight, Rao snapped a 
close-up photo with his iPhone, proof that 
the kidney was working. He sent the photo 
and an ecstatic email to his two bosses, 
transplant surgeon Erik Finger and bio- 
medical engineer John Bischof, titled 
“First successful transplant of vitrified, 
nanowarmed rat kidney.” 

“fm out of words,” he wrote. “This is a 
proud moment for us all. It was not easy. But, 
it paid off” 

That moment in April 2022 was one in a 
series of recent breakthroughs in the quest 
to effectively stop biological time. After de- 
cades of frustration and halting progress, 
scientists in the past 10 years have made 
major advances using extreme cold to slow 
or even halt the decay that is the usual fate 
of all living things. They’ve developed new 
ways to reduce the toxicity of chemical anti- 
freeze treatments, minimize the formation of 
destructive ice, and thaw objects rapidly and 
evenly. Since 2018, labs have frozen and then 
revived bits of coral, fruit fly larvae, zebrafish 
embryos, and rat kidneys. They have also ap- 
plied gentler techniques to cool everything 
from tomatoes to entire pig livers to just be- 
low freezing without ice formation, keeping 
them virtually fresh for days or weeks. 

Medical uses, particularly organ trans- 
plants, are a key driver for today’s work. 
Scientists hope to eventually create cryo- 
preserved banks of tissues such as skin, en- 
tire organs, or even limbs, easing shortages 
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and giving doctors time to better prepare 
recipients for transplants. But the advances 
in preservation also extend to specks of hu- 
man tissue used to screen pharmaceuticals, 
species on the brink of extinction, fruit flies 
studied by geneticists, produce bound for 
grocery stores, and fish embryos stored for 
aquaculture. Mehmet Toner, a bioengineer 
at Massachusetts General Hospital (MGH) 
and one of the leaders in the field of cryo- 
preservation, likens the vision of stored liv- 
ing tissue available on demand to a more 
familiar cornucopia. “I call it,’ he says, “the 
Amazon of living things.” 


SOMEONE RAISED on Hollywood movies 
might think the technology to freeze and 
revive entire organisms is right around the 
corner. Star Wars’s Han Solo is trapped in 
“carbonite” and resuscitated. Tom Cruise 
gets turned into a human popsicle in a dys- 
topian prison in Minority Report. Captain 
America is entombed in Arctic ice in a Mar- 
vel movie and rewarmed nearly 70 years later 
for a sequel. 

Reality is far less simple. The largest living 
thing routinely stored at temperatures well 
below zero and brought back to life is the size 
of a grain of table salt: a human embryo. Try 
that with an entire person using today’s tech- 
nology and the result would be a lifeless body 
filled with toxic chemicals, says cryobiologist 
Greg Fahy. “You would be in sorry shape.” 

Fahy was one of a pair of scientists whose 
1985 Nature paper revealed a chemical pro- 
cess that allowed mouse embryos to be stored 
at nearly -200°C. Their technique addressed 
the major barrier to freezing living tissue: ice. 

When water freezes, it can wreak havoc 


inside tissue. The water molecules go from a 
tightly packed, amorphous fluid to a rigid lat- 
tice. Ice crystals tear through cells like knives. 
Salts in cell fluids get concentrated at toxic 
levels in the tissue parts that freeze last. Any- 
one who has frozen and thawed a strawberry 
has seen the result: a mushy, discolored ver- 
sion of what came off the plant. 

Getting tissue below the freezing point 
while minimizing ice is crucial. (That’s why 
cryobiologists don’t like to say they “freeze” 
tissue.) For the mouse embryo, Fahy and his 
colleague at the American Red Cross, William 
Rall, first soaked the little ball of cells in a 
chemical cocktail that leached out much of 
the water, replacing it with chemicals simi- 
lar to the antifreeze in a car’s radiator. These 
cryoprotectants, as they are known, dilute 
the water molecules and form a viscous fluid 
that discourages ice crystal formation. 

Then they cooled the embryo, kept in a 
slender plastic straw, using -196°C liquid 
nitrogen. Between the rapid cooling and the 
cryoprotectant, ice didn’t have time to form. 
Rather than line up in a tidy crystalline pat- 
tern, water molecules were stuck in a random 
mass like a rigid liquid, a process known as 
vitrification. The result was a hard, smooth, 
glasslike substance without the problematic 
properties of ice. To rewarm the embryo, Rall 
stirred the straw in 0°C water. 

The mouse embryo work paved the way for 
banking similar-size human embryos, trans- 
forming fertility treatment. But what works 
for a tiny embryo of about 100 cells doesn’t 
size up easily to whole organs. It’s hard to get 
cryoprotectant to soak evenly into a bigger 
piece of tissue. The center can take longer to 
solidify, which fosters ice formation. Pump- 
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Stopping the biological clock 
Advances in using extreme cold to slow biological processes could touch everything from donated organs to fresh produce. A University of Minnesota team has 
developed one approach, dubbed “nanowarming,” which thaws an organ evenly to avoid damage from ice. 
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The liquid also contains tiny 
iron oxide particles that 
spread through the organ. 


to vitrify, entering a glasslike 
state that is less damaging to 
living cells than crystalline ice. 


times per second, warming 
the iron particles and thawing 
the organ evenly. 


before it is transplanted 
into a rat, where it resumes 
functioning. 


raising hopes that the same 
approach might someday work 
for donated organs for humans. 


CREDITS: (GRAPHIC) C. BICKEL/SCIENCE; (PHOTO) EVAN TAYLOR STUDIOS ASSISTED BY TOM OKINS 


ing in more cryoprotectant to counter ice can 
be damaging because the chemicals are toxic. 

Rewarming poses its own problems. If an 
object warms too slowly, ice crystals can ma- 
terialize as the tissue approaches the melting 
point. If it doesn’t warm uniformly, stresses 
caused by uneven expansion or contraction 
can crack the object like an ice cube dropped 
in a glass of water. 

In 2002, Fahy stepped up his work in 
mouse embryos to rabbit kidneys. He got as 
far as implanting a previously vitrified organ 
into an animal. The rabbit survived nearly 
7 weeks. But a necropsy revealed that al- 
though the kidney was functional enough 
to keep the animal alive, much of it 
was damaged. 

Fahy has been chipping away at the prob- 
lem ever since, testing different 
chemical mixtures and cooling 
and warming protocols. “It 
turned out to be harder than I as- 
sumed,” says Fahy, who is now ex- 
ecutive director of 21st Century 
Medicine, a private cryopreserva- 
tion research company. “I think 
all of this will pay off, but we’re 
not quite there yet.” 


THERE’S GOOD REASON to per- 
sist. The rapid decay of organs 
is one of the biggest problems 
bedeviling organ transplants 
for people. From the mo- 
ment a human heart or lung 
is disconnected from a donor, 
doctors have 4 to 6 hours to 
get it hooked up to a new pa- 
tient’s blood supply before it is 
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irretrievably damaged. For a liver, the win- 
dow is 8 to 12 hours. For a kidney it’s about 
1 day. 

The rush creates burdens for the medi- 
cal system and for patients. Surgeons are 
called to the hospital in the middle of the 
night. Transplant recipients have a foreign 
organ plugged into their body without 
time for treatments that would help their 
immune system acclimate. More than 60% 
of donated hearts and lungs never make it 
to a recipient in time. Fewer than 10% of 
people who need organ transplants actu- 
ally get them, the World Health Organiza- 
tion estimates. 

Cryopreservation holds out the possibil- 
ity that organs could be stored for days, 
weeks, or even years before they are im- 


Postdoctoral researcher Zonghu Han connects a rat kidney to tubes that pump 
antifreeze chemicals and tiny iron oxide particles into the organ before it is chilled. 


planted. That could save organs from get- 
ting tossed after a few hours and would 
enable doctors to find organs more easily 
when needed or choose those that are a 
closer immunologic match to recipients. 

“It could touch so many aspects of bio- 
medicine, truly change the way that we can 
treat health,” says Sebastian Giwa, an econ- 
omist and former hedge fund manager who 
founded the nonprofit Organ Preservation 
Alliance in 2012. 

Giwa has helped launch several cryo- 
preservation-related companies. One, Gaia- 
Life, is experimenting with vitrifying ova- 
ries. The goal is to remove the egg-bearing 
organs from people before they undergo 
ovary-damaging medical treatment such as 
chemotherapy, then reimplant them after 
the treatment is over. So far re- 
searchers working with the com- 
pany have reimplanted vitrified 


of the animals the ovaries pro- 
duced progesterone, a sign they 
were working, says Alison Ting, a 
reproductive biologist and Gaia- 
Life’s chief scientific officer. Ting 
declined to describe the details 
of the company’s methods but 
says the progress “gives me the 
optimism to say that the first 
in human could be sooner than 
5 years.” 


BY VITRIFYING animal organs, 
Fahy demonstrated a key first 
step, Bischof says. “The problem 
was he couldn’t rewarm them.” 

Finding ways to warm vitri- 
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ovaries into five sheep; in four . 


Ina rat kidney cooled to -150°C, water has been vitrified, turning smooth and glasslike rather than forming sharp ice crystals. 


fied tissue quickly and evenly has been the 
focus of Bischof’s lab. In the past few years, 
his team has tried everything from lasers 
to heat-conducting mesh. With larger ob- 
jects, such as rat kidneys, they have made 
progress with a powerful magnetic field 
coupled with iron nanoparticles. 

On an unseasonably hot day in April, 
Zonghu Han, a UMN mechanical engineer- 
ing postdoctoral researcher, connected a 
slender plastic tube to a rat kidney rest- 
ing on a bed of gauze. He made a few key- 
strokes on a computer and a black fluid 
began to flow into the organ. The color 
came from the iron nanoparticles sus- 
pended in cryoprotectant. When the organ 
turned a glossy ebony from the infusion, 
Han slipped it into a small plastic bag, 
and lowered it into a nearby 
freezer cooled to -148°C. 

The clock for the kidney’s 
survival had been ticking 
for more than 3 hours, since 
Rao, the transplant surgeon, 
had removed it from a rat in 
a reenactment of that 2022 
breakthrough surgery. Now, 
as the kidney’s temperature 
plummeted inside the freezer, 
the biological processes grad- 
ually destroying the organ 
ground to a halt. “We have 
stored [a rat kidney] up to 
100 days before transplanta- 
tion,” Han says. “It’s safe in 
there indefinitely.” 

In this case the kidney got 
just 45 minutes. Han opened 
the lid in a billow of vapor and 
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lifted out a tiny, rigid packet containing 
the vitrified organ. He placed the packet 
inside a small metal cup attached to a 
cream-colored metal box. When he pressed 
a button, the box generated a magnetic field 
around the cup that flipped the positive and 
negative poles 360,000 times every second. 
That fluctuation heated the iron particles 
and thawed the kidney in 90 seconds. 

“That’s our secret sauce,” Bischof says of 
the process as he watches. 

In a Nature Communications paper in 
early June, Bischof’s team reported put- 
ting five rat kidneys through this treat- 
ment and reimplanting them. All of the 
recipient animals lived a month before 
they were killed to study their condition. 
Now, the researchers have graduated to 


Zonghu Han removes a plastic bag containing a vitrified kidney from a device that 
used a fast-changing magnetic field to heat the iron particles inside the organ. 


pig kidneys, closer to the size of a human 
kidney. Bischof declined to discuss details 
of the unpublished pig work. “There’s no 
physical reason that we’re aware of why 
this [warming procedure] won’t work” in 
larger organs, he says. 

Although nanowarming, as Bischof calls 
it, is his tool of choice for the kidneys, it re- 
quires costly machinery and one-at-a-time 
treatment. In May, Smithsonian Institution 
marine biologist Mary Hagedorn was at a 
laboratory outside Tampa, Florida, test- 
ing a simpler approach developed by the 
Bischof lab: a fine metal mesh engineered 
to quickly transmit temperature—both 
cold and heat. She is trying it on batches of 
coral larvae. If it works and can be scaled 
up, Hagedorn thinks this process could bea 
critical piece of her campaign 
to bank dozens of coral species 
in the coming decade, before 
increasingly hot and polluted 
oceans spell their end. 

The mesh has already proved 
successful on fruit fly larvae in 
Minnesota, and with two spe- 
cies of mushroom coral in Ha- 
waii and Australia. In Florida, 
Hagedorn and colleagues were 
trying it on Diploria labyrin- 
thiformis, a kind of brain coral 
whose larvae are more than 
100 times bigger than those 
of mushroom coral. In the 
first few attempts, rewarmed 
larvae were falling apart. 
Each larval size, Hagedorn 
was learning, needs its own 
version of the _ treatment. 
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“We're struggling a little bit to get this to 
work,” she says. 


WHILE SCIENTISTS such as Bischof and 
Hagedorn wrestle with vitrification, oth- 
ers are seeking an easier route by avoiding 
ultralow temperatures that require large 
infusions of cryoprotectant and make re- 
warming so challenging. 

At Harvard University and MGH, scien- 
tists are taking cues from nature to push 
tissues below freezing while holding back 
the ice. The wood frog, Rana sylvatica, is 
a champion of this realm. Found in much 
of North America, including the frigid Ca- 
nadian Arctic, it can spring to life after 
spending months with as much as two- 
thirds of its body frozen at temperatures 
as low as -16°C. 

As winter arrives, a cascade of physio- 
logic changes prepares the frog to sur- 
vive freezing, says Shannon _ Tessier, 
an MGH biomedical re- 
searcher who has stud- 
ied it and other animals 
that hibernate at near 
freezing. The frog’s liver 
churns out glucose that 
acts as antifreeze inside 
tissues. Antioxidant levels 
there increase, protecting 
against damage caused 
by sudden changes in 
the amount of oxygen in 
cells. Special proteins in 
the frog’s bloodstream 
act as seeds for ice crys- 
tals, steering their growth 
to begin in the more du- 
rable vasculature and not 
in more delicate tissues. 
Such changes “are the the- 
matic things that we want to pull forward 
to human organs and tissues,” Tessier says. 

In Boston, a team of scientists including 
Tessier mimicked the frogs by flooding hu- 
man livers with a synthetic sugar that, un- 
like natural glucose, can’t be metabolized 
into toxic byproducts. In 2019, they an- 
nounced the approach had enabled them 
to store human livers at -4°C for 27 hours, 
more than double the standard life span of 
donated livers. 

More recently, the team combined this 
synthetic sugar with an infusion of Sno- 
max, an ingredient normally used as a seed 
for snow in snowmaking machines at ski 
resorts. Like the proteins in the wood frog’s 
blood, Snomax slowed ice formation and 
concentrated it in the blood vessels of rat 
livers, enabling them to be stored partially 
frozen for up to 5 days at -15°C, then thawed 
with limited damage. Five days is far short 
of the virtually limitless storage time for a 
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vitrified organ, but still useful, says Toner, 
who is working with Tessier. The extra time 
could, for example, allow a patient wait- 
ing for an organ to receive a bone marrow 
transplant, a possible measure to coax the 
immune system to accept the new organ. 

On the other side of the country, Boris 
Rubinsky had the idea that higher pres- 
sures might help him supercool organs 
without damage. In the early 2000s, 
Rubinsky, a biomedical engineer at the 
University of California, Berkeley, began 
to cool objects inside sealed metal contain- 
ers. As water inside approached freezing it 
expanded, raising the pressure. The higher 
pressure, he discovered, limited the forma- 
tion of ice. “In all modesty, it’s a revolution- 
ary approach to preservation,” he says. 

In April, his team cooled a pig heart to 
-4°C for 21 hours in one of its pressure 
chambers, then warmed and implanted it 
into another pig where it began to beat on 


The wood frog (Rana sylvatica) can survive partially frozen for months. Strategies used by 
the frog to endure such extremes are inspiring efforts to better preserve human tissue and organs. 


its own. In addition to avoiding the chal- 
lenges that can come with full vitrification, 
Rubinsky finds his strategy enables him to 
use less cryoprotectant than other methods 
require, reducing toxic side effects. 

Because it is simple and relatively low- 
tech, the approach could also be put to work 
to preserve food without the ice damage 
that can degrade today’s frozen vegetables 
and meats. The metal storage chambers 
fit in standard commercial freezers. And 
because the method works at warmer tem- 
peratures than those often used for storing 
frozen food, Rubinsky and colleagues proj- 
ect widespread use could cut global en- 
ergy consumption by more than 6 billion 
kilowatt-hours per year—equivalent to Lat- 
via’s total annual electricity demand. 

Cristina Bilbao-Sainz, a food technologist 
at a U.S. Department of Agriculture (USDA) 
lab in Albany, California, started to work on 
the approach after Rubinsky gave a presen- 


tation to the center in 2016. “It was a simple 
idea, but so novel,” Bilbao-Sainz says. “We 
totally saw that this could have a future.” 

The first attempt was discouraging. Rasp- 
berries, a delicate fruit, turned to mush 
when thawed. Then Bilbao-Sainz tried 
tomatoes. Twenty grape tomatoes sat for 
1 month in a sealed container filled with 
sugar water at -2.5°C. They emerged look- 
ing like they had just been picked, she says. 

Bilbao-Sainz has also had good results 
with spinach, cherries, and potatoes. Now, 
she is trying blueberries. In December 
2022, the USDA lab started to work with 
an unnamed company interested in using 
the technology. “It could have a big im- 
pact,” she says. 


THE ADVANCES are coming swiftly enough 
to make those Hollywood scripts seem less 
outlandish. Some scientists raise the pos- 
sibility of stockpiling vitrified human or- 
gans grown in genetically 
engineered pigs for fu- 
ture transplants. Tessier 
is working to keep whole 
animals—tiny zebrafish 
larvae—in suspended 
animation. So far, she has 
partially frozen them at 
-10°C for 3 days. When 
thawed, half of the fish 
survived and kept grow- 
ing. Substitute people for 
fish and improve the suc- 
cess rate, and a science- 
fiction staple could even- 
tually become a reality. 
“You can think about even 
long-term space travel,” 
Tessier says. Hello, 2001: 
A Space Odyssey. 

But that’s a far cry from today. As if to il- 
lustrate the gap between vision and reality, 
the UMN demonstration goes awry at one 
of the last steps. As the black nanoparticles 
are flushed from the rat kidney, water con- 
denses on the chilled equipment, causing a 
device to malfunction. It pumps a solution 
commonly used to preserve organs dur- 
ing transplants into the kidney at out-of- 
control pressures. 

Han and Bischof stare dejectedly at 
the damaged organ. Before any of this 
technology makes its way into operating 
rooms, it will not only have to scale up 
to human size, but will also need to pass 
muster with safety regulators such as the 
U.S. Food and Drug Administration. “All 
of this engineering that we’re doing in the 
lab has to be made failsafe,” Bischof says as 
he points toward the kidney. “This is just 
an example of some of the things that can 
go wrong.” 


30 JUNE 2023 * VOL 380 ISSUE 6652 1317 


Galactic neutrinos in the Milky Way 


A source of neutrinos may lie within the midplane of the Galaxy 


By Luigi Antonio Fusco 


isible light has long been the probe 

for investigating the Universe. Over 

the past decades, however, it has be- 

come evident that there is much to 

gain by using other wavelengths of 

the light spectrum as well as using 
cosmic messengers such as gravitational 
waves (J) and subatomic particles called 
neutrinos (2, 3). The plane of the Milky 
Way-—the galaxy where Earth resides—is the 
most clear feature of the sky at all wave- 
lengths of light. On page 1338 of this issue, 
the IceCube Collaboration (4) reports sta- 
tistically significant evidence for neutrinos 
coming from the inner parts of the Milky 
Way in the data collected by the IceCube 
Neutrino Observatory (5). Existence of 
this long-sought signal paves the way 
for the future of astroparticle physics in 
our Galaxy. 


Dipartimento di Fisica “E.R. Caianiello”, Universita degli Studi 
di Salerno, 84084 Fisciano, Italy. Email: fusco@unisa.it 
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The Milky Way is filled with matter (gas 
and dust) in the interstellar medium (ISM). 
Its density is far from being homogeneous, 
with much denser regions located along 
the Galactic plane. This region, lying along 
the Galactic equator, is the midplane of the 
Milky Way’s spinning disk of stars. Cosmic 
rays—protons and nuclei traveling through 
space at speeds approaching that of light— 
also fill the Milky Way. Accelerated in the 
aftermath of cosmic explosions, they are 
trapped by magnetic fields for thousands to 
millions of years within the Galaxy. As they 
travel around, they may occasionally col- 
lide with an atomic constituent of the ISM, 
breaking it into pieces. The released energy 
becomes mass in the form of new particles. 
Most of these particles are short lived and 
can decay into gamma rays and neutrinos. 
Although neutrinos can only be produced as 
the consequence of these interactions, com- 
peting reactions exist for the production of 
gamma rays—namely, energy-loss processes 
of cosmic electrons. Thus, detection of neu- 
trinos informs about their parent cosmic 


rays (highly energetic particles), whereas 
gamma rays cannot provide such an unam- 
biguous identification. 

Such collisions in the ISM are more 
probable in the denser inner Galactic 
plane, so an intense neutrino flux is ex- 
pected to originate from there. Neutrinos 
have the special feature of interacting . 
with matter very weakly and can traverse 
the cosmos unscathed. However, to detect 
cosmic neutrinos, cubic-kilometer-scale 
detectors must be built. Once a neutrino 
interacts with the medium in which the 
detector is situated (the Antarctic ice, for 
example), it will produce relativistic, sub- 
atomic, charged particles. If the medium is 
transparent to light, the Cherenkov radia- 
tion emitted in the process can be detected. 
The IceCube Collaboration has managed to 
build such a cubic-kilometer detector that 
has been operating in the Antarctic ice 
shell for 15 years. 

Even if a few cosmic neutrinos interact in 
a cubic-kilometer detector, they likely will be 
hidden in the plethora of signals produced 
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by the passage of particles in the atmosphere 
produced by cosmic rays reaching Earth. 
This foreground can be very hard to elimi- 
nate. The best strategy is to look for neutri- 
nos that have traversed Earth. Only neutri- 
nos can cross the entirety of Earth, and this 
path shields the detector from most particles 
produced in the atmosphere. However, this 
makes IceCube (located at the geographic 
South Pole) blind to the southern sky, where 
the Milky Way neutrino signal lies. Analysis 
strategies based on artificial intelligence are 
commonly used to overcome these issues 
and have already helped provide evidence 
for cosmic neutrinos (6, 7). 

Cosmic rays have been measured for 
more than a hundred years now, but much 
remains unknown about their composi- 
tion, sources, and accelerators and how 
they behave during the time they travel 
through the cosmos. The cosmic rays fur- 
thest from Earth have been detected by us- 
ing the Voyager probes, in the interstellar 
space (8). Cosmic rays may be very far from 
their sources when detected, or detection 
may be influenced by other nearby sources 
of cosmic rays. Because the Milky Way is 
not homogeneous, the cosmic-ray popula- 
tion detected on Earth cannot be extrapo- 
lated to reflect those of the whole Galaxy. 
Cosmic rays can only be directly observed 
up to certain energies because of the cur- 
rent limitations in the size of detectors 
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that are sent into space. Indirect measure- 
ments carried out on Earth can only offer a 
limited amount of information (9). 

Detection of neutrinos (and gamma 
rays) overcomes these issues by providing 
information on what cosmic rays look like 
when they first interact with the ISM (ei- 
ther close to their sources, or as they travel 
through the Galaxy). This window of ob- 
servation has finally been opened by the 
IceCube Collaboration. 

A hint of a neutrino signal had been re- 
cently reported by the undersea neutrino 
telescope Antares in the Mediterranean 
Sea (10). Although smaller in size, Antares 
could perform well in searches for neutri- 
nos from the Galaxy because of its location 
in the Northern Hemisphere. Its position 
allowed searching for neutrinos with less 
contamination from events originating 
from Earth’s atmosphere. 

The IceCube discovery and the Antares 
finding indicate that there is still much in- 
formation to extract from neutrinos. Indeed, 
a new generation of neutrino telescopes 
is under construction, including KM3NeT 
(Cubic Kilometre Neutrino Telescope) in the 
Mediterranean Sea; GVD (Gigaton Volume 
Detector) in Lake Baikal, Russia; as well 
as proposals for IceCube Gen-2, P-One (off- 
shore Canada), and TRIDENT (The Tropical 
Deep-sea Neutrino Telescope; off-shore 
China). These next-gen observatories will 


The coordinated observation of disparate 
“messenger” signals from the cosmos may include 
neutrinos from the Milky Way. 


be accompanied by upcoming gamma-ray 
observatories (the Large High Altitude Air 
Shower Observatory, Cherenkov Telescope 
Array, and Southern Wide-field Gamma-ray 
Observatory). The multi-messenger combi- 
nation of photons and neutrinos will be cru- 
cial in providing new insights on the proper- 
ties of cosmic rays in the Milky Way. 

The overdensity of gas in the ISM may 
provide hotspots for neutrino searches and 
for investigating the reciprocal influence 
between the ISM and cosmic rays. As next- 
generation observatories start unveiling the 
individual sources of cosmic rays (71), we will 
eventually answer the questions of their ori- 
gins and what propelled them, and possibly 
open some new windows on the Milky Way. 
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A new class of antiparasitic drugs 


Cyanotriazole compounds “poison” topoisomerase II of pathogenic trypanosomatids 


By Ruslan Aphasizhev and Inna Aphasizheva 


ransmitted by insect vectors, hu- 

man African trypanosomiasis (HAT), 

Chagas disease, and leishmaniasis 

cause millions of infections, which are 

often fatal unless treated with toxic 

drugs. Although there are promising 
new therapeutics for HAT (7), development of 
reliable, safe, and affordable drugs for Chagas 
disease and leishmaniasis remains challeng- 
ing. On page 1349 of this issue, Rao et al. (2) 
introduce cyanotriazoles (CTs), a new class 
of compounds with potent and broad try- 
panocidal activity. These covalent inhibitors 
of topoisomerase II, an enzyme involved in 
nuclear DNA replication, show high efficacy 
in clearing trypanosomes and leishmania 
parasites from infected animals, efficient tis- 
sue distribution, and low toxicity in the mam- 
malian host. Acting on a different target than 
those of existing interventions, these drug 
candidates bring the possibility of eradica- 
tion and effective management of many ne- 
glected tropical diseases. 

Trypanosomiasis, Chagas disease, and 
leishmaniasis are all caused by protozoan 
hemoflagellates belonging to the class 
Kinetoplastea. They are typified by the “ki- 
netoplast,” a condensed body of mitochon- 
drial DNA, and include agents of many 
tropical diseases. Historically called “sleeping 
sickness,” West and East HAT are caused by 
Trypanosoma brucei gambiense and T. brucei 
rhodesiense subspecies, respectively. During 
a tsetse fly blood meal, parasites enter the 
circulatory system, where they differentiate 
into proliferative form and divide rapidly. 
Ultimately, the trypanosomes populate adi- 
pose and other tissues (3) and penetrate the 
blood-brain barrier, leading to neurological 
damage and death. 

Leishmania donovani and Leishmania 
infantum are introduced into hosts through 
sand fly bite, which triggers systemic life- 
threatening visceral leishmaniasis. Both par- 
asites infect and proliferate in macrophages, 
with L. infantum also persisting extracellu- 
larly. A combinatorial drug regimen is often 
required to clear both intracellular and extra- 
cellular forms. Also spread by sandflies, other 
Leishmania species give rise to mucocutane- 
ous leishmaniasis that inflicts disfigurements 
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or skin lesions. An infection by Trypanosoma 
cruzi could be transmitted through the bite of 
the triatomine bug, congenitally, or through 
contaminated blood. After the initial acute 
phase with nonspecific symptoms, the often 
undiagnosed Chagas disease may remain as- 
ymptomatic for years while progressing to 
heart failure or digestive tract damage (4). 
Rao et al. used an automated assay to 
evaluate inhibitory effects of approximately 
2 million compounds on proliferation of a 
nonpathogenic T: brucei strain, Lister 427, in 
axenic culture. This phenotypic screen iden- 
tified a heterocyclic CT molecule as a potent 


Shown is a colored scanning electron micrograph of 

Leishmania donovani promastigotes. Transmitted to 

humans by the bite of phlebotomine sand flies, these 
parasites cause visceral leishmaniasis. 


growth inhibitor that displayed similar ef- 
fects on pathogenic T. brucei gambiense and 
T. brucei rhodesiense. Remarkably, the lead 
compound also demonstrated effectiveness 
in killing 7 cruzi and L. donovani parasites 
in vitro and low cytotoxicity for human and 
mouse cultured cells and in mouse mod- 
els of infection. During lead optimization, 
chemical modifications improved efficacy, 
and pharmacological properties manifested 
from a robust clearance of T. brucei and T: 
cruzi systemic infections in mice. A single 
dose of a variant molecule named CT3 dem- 


onstrated fast-sterilizing activity by cur- 
ing early and late stages of HAT in mouse 
models more effectively than the current 
standard-of-care drugs. 

High selectivity and comprehensive ac- 
tivity of CT compounds against multiple ki- 
netoplastid protozoans hinted at a conserved 
mechanism of action. Rao et al. gained initial 
insights from observations of nuclear DNA 
damage and cell cycle arrest after CT3 treat- 
ment, whereas mitochondrial DNA remained 
unaffected. With the understanding that CTs 
damage nuclear but not organellar DNA, the 
authors obtained a series of drug-resistant 
T. brucei isolates, most of which carried 
mutations in the topoisomerase II (TJop2) 
gene that is essential for parasite viability 
(5). Further analyses of these drug-resistant 
strains established CTs as a new class of cova- 
lent topoisomerase II inhibitors. 

An adenosine triphosphate (ATP)-de- 
pendent molecular machine, topoisomer- 
ase II modulates supercoiling and resolves 
topological conflicts that arise during DNA 
replication. By transiently breaking double- 
stranded DNA (dsDNA) and forming a cova- 
lent adduct with a nucleic acid, the enzyme 
translocates the double helix through the 
gap and repairs breaks. Because DNA breaks 
may destabilize the genome, ligation is ki- 
netically favored, and the topoisomerase II- 
DNA cleavage complexes are short-lived and 
readily reversible. It follows that a compound 
that can stabilize the topoisomerase II-DNA 
complex, a so-called topoisomerase II “poi- 
son,’ would trigger accumulation of dsDNA 
breaks and eventual cell death (6). In vitro 
activity assays demonstrated that CTs induce 


accumulation of linearized DNA in a reac- . 


tion catalyzed by the recombinant 7: cruzi 
topoisomerase II, indicating that CTs indeed 
stabilize the topoisomerase II-trypanosomal 
DNA cleavage complex but spare the ho- 
mologous human topoisomerase II enzyme. 
These findings reveal a new class of cova- 
lent topoisomerase II inhibitors but raise 
the question of selectivity. Topoisomerase 
II poisons are commonly used as antibiot- 
ics (7) and in cancer chemotherapeutics (8) 
and tend to exhibit general inhibitory activ- 
ity against this family of essential cellular 
enzymes. 

To understand the specificity of CTs to ki- 
netoplastids, Rao et al. used cryo-electron 
microscopy (cryo-EM) to determine a high- 
resolution structure of the 7: cruzi topoisom- 
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erase II bound to DNA and their lead com- 
pound, CT1. The structure revealed interca- 
lation of the aromatic trifluoromethylphenyl 
moiety shared by all CT compounds between 
dsDNA bases and spatial occupancy of the 
active site, such as those observed with hu- 
man and bacterial topoisomerase II poisons. 
Conversely, formation of a covalent bond be- 
tween cyanoazole heterocycle and a cysteine 
residue distinctly conserved in topoisomerase 
II among trypanosomatids provides a struc- 
tural basis for the observed selectivity of CT 
compounds toward trypanosomal enzymes. 

Therapeutic potency of CTs—which ex- 
ceeds that of currently available drugs—and 
their broad trypanocidal activity, low cyto- 
toxicity, and oral bioavailability approach- 
ing 100% in a mouse model provide strong 
encouragement for future clinical trials. As 
a new class of trypanocides, these molecules 
have great promise to aid the World Health 
Organization’s efforts in eliminating West 
African trypanosomiasis by 2030 and to im- 
prove treatment of Chagas disease and leish- 
maniasis. The potential for using CTs to treat 
African animal trypanosomiasis, arguably 
the most economically important livestock 
disease of the continent (9), also seems ap- 
parent. Rightfully called “neglected,” these 
diseases are ultimately yielding to collective 
efforts of international organizations and 
synergistic research prowess. 

These pathogens have likely played an 
important role in early hominid evolution, 
and kinetoplastids have been studied as a 
model of early branching eukaryotes. This 
work has yielded discoveries of antigenic 
variation, trans-splicing, polycistronic tran- 
scription, RNA editing and guide RNAs, and 
other phenomena of general biological im- 
portance (0). Although the threat of para- 
sites to human life and economy is reduced 
by advances in pharmacological interven- 
tions, these organisms remain an endless 
source of unconventional biology. 
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Mapping RNA translation 


A new method maps the location of thousands of 
translating RNAs in cells and tissues 


By Rong Fan 


Imost a decade ago, spatial transcrip- 
tomics (7) emerged as a transforma- 
tive technology for biological and 
biomedical research but is largely 
limited to detecting gene expression. 
Yet the life of an RNA molecule is 
rich and dynamic, starting from DNA tran- 
scription to nascent RNA synthesis, splic- 
ing, export, translation, and degradation. 
Therefore, it is desirable to not only detect 
the presence of a given RNA molecule but 


The purpose of mRNA is to make pro- 
teins through translation. However, mRNA 
and protein levels are poorly correlated, 
and one hypothesis is that the number of 
actively translating mRNA molecules is 
more closely associated with protein ex- 
pression. Thus, single-cell or spatial profil- 
ing of translating mRNAs might provide a 
surrogate measure of protein expression, 
as well as information on RNA processing 
and function. 

The method developed by Zeng et al. 
(RIBO-map) is built upon a targeted in situ 


A three-probe system for mapping translation 

Barcoded “padlock” and primer probes bind to an mRNA molecule of interest. Amplification of the padlock 
probe cannot occur unless the mRNA is adjacent to a ribosome, enabling a splint probe to circularize the 
padlock probe. After amplification, the barcodes are detected with fluorescent probes to provide information 


on the location of translating mRNAs. 


Splint probe hybridized 


to ribosomal RNA al 


Barcoded 
padlock 
probe 


also to have information on its stage of life. 
On page 1337 of this issue, Zeng et al. (2) 
describe a spatial transcriptomic approach 
that is specific for mRNAs that are undergo- 
ing translation, enabling the study of their 
biological function in situ. 

Previously, two major approaches were 
undertaken to realize spatial transcrip- 
tomics. Repeated imaging coupled with 
a combinatorial coding method extended 
the capability of single-molecule fluores- 
cence in situ hybridization (smFISH) to 
enable the detection of mRNA correspond- 
ing to 10,000 genes, approaching whole- 
transcriptome scale (3, 4). Next-generation 
sequencing (NGS) of mRNA labeled with 
location-specific DNA tags either captured 
on a solid surface (5) or directly in tissue 
(6) enabled genome-wide unbiased tran- 
scriptome profiling at cellular resolution. 


Department of Biomedical Engineering, Yale University, 
New Haven, CT, USA. Email: rong. fan@yale.edu 


Barcode 


Barcoded 
primer 
probe 


Fluorescent probe 


Amplified 
padlock DNA ———~. 


AAA 


hybridization approach called STARmap 
(7) but uses three probes to selectively de- 
tect and amplify ribosome-bound mRNAs 
(see the figure). A “padlock” probe targets 
mRNA molecules of interest and encodes a 
gene-specific barcode. A second probe binds 
to the padlock probe and serves as a primer 
for rolling circle amplification (RCA), which 
replicates a circular DNA template into a 
long, single-stranded stretch of DNA (the 
amplicon) containing multiple copies of 
the same DNA sequence. However, for RCA 
to proceed, a third probe must be present; 
this probe hybridizes to ribosomal RNAs 
and acts as a splint to circularize the pad- 
lock probe. After circularization and RCA, 
the barcodes in the amplicon are identified 
with in situ sequencing, which involves 
fluorescently labeled nucleotides that are 
imaged to provide information on the loca- 
tion of the target mRNA. Without hybrid- 
ization to the third probe, which requires 
proximity of the mRNA to a ribosome, the 
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Organization’s efforts in eliminating West 
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maniasis. The potential for using CTs to treat 
African animal trypanosomiasis, arguably 
the most economically important livestock 
disease of the continent (9), also seems ap- 
parent. Rightfully called “neglected,” these 
diseases are ultimately yielding to collective 
efforts of international organizations and 
synergistic research prowess. 

These pathogens have likely played an 
important role in early hominid evolution, 
and kinetoplastids have been studied as a 
model of early branching eukaryotes. This 
work has yielded discoveries of antigenic 
variation, trans-splicing, polycistronic tran- 
scription, RNA editing and guide RNAs, and 
other phenomena of general biological im- 
portance (0). Although the threat of para- 
sites to human life and economy is reduced 
by advances in pharmacological interven- 
tions, these organisms remain an endless 
source of unconventional biology. 
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Imost a decade ago, spatial transcrip- 
tomics (7) emerged as a transforma- 
tive technology for biological and 
biomedical research but is largely 
limited to detecting gene expression. 
Yet the life of an RNA molecule is 
rich and dynamic, starting from DNA tran- 
scription to nascent RNA synthesis, splic- 
ing, export, translation, and degradation. 
Therefore, it is desirable to not only detect 
the presence of a given RNA molecule but 


The purpose of mRNA is to make pro- 
teins through translation. However, mRNA 
and protein levels are poorly correlated, 
and one hypothesis is that the number of 
actively translating mRNA molecules is 
more closely associated with protein ex- 
pression. Thus, single-cell or spatial profil- 
ing of translating mRNAs might provide a 
surrogate measure of protein expression, 
as well as information on RNA processing 
and function. 

The method developed by Zeng et al. . 
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probe cannot occur unless the mRNA is adjacent to a ribosome, enabling a splint probe to circularize the 
padlock probe. After amplification, the barcodes are detected with fluorescent probes to provide information 
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also to have information on its stage of life. 
On page 1337 of this issue, Zeng et al. (2) 
describe a spatial transcriptomic approach 
that is specific for mRNAs that are undergo- 
ing translation, enabling the study of their 
biological function in situ. 

Previously, two major approaches were 
undertaken to realize spatial transcrip- 
tomics. Repeated imaging coupled with 
a combinatorial coding method extended 
the capability of single-molecule fluores- 
cence in situ hybridization (smFISH) to 
enable the detection of mRNA correspond- 
ing to 10,000 genes, approaching whole- 
transcriptome scale (3, 4). Next-generation 
sequencing (NGS) of mRNA labeled with 
location-specific DNA tags either captured 
on a solid surface (5) or directly in tissue 
(6) enabled genome-wide unbiased tran- 
scriptome profiling at cellular resolution. 
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hybridization approach called STARmap : 
(7) but uses three probes to selectively de- 
tect and amplify ribosome-bound mRNAs 
(see the figure). A “padlock” probe targets 
mRNA molecules of interest and encodes a 
gene-specific barcode. A second probe binds 
to the padlock probe and serves as a primer 
for rolling circle amplification (RCA), which 
replicates a circular DNA template into a 
long, single-stranded stretch of DNA (the 
amplicon) containing multiple copies of 
the same DNA sequence. However, for RCA 
to proceed, a third probe must be present; 
this probe hybridizes to ribosomal RNAs 
and acts as a splint to circularize the pad- 
lock probe. After circularization and RCA, 
the barcodes in the amplicon are identified 
with in situ sequencing, which involves 
fluorescently labeled nucleotides that are 
imaged to provide information on the loca- 
tion of the target mRNA. Without hybrid- 
ization to the third probe, which requires 
proximity of the mRNA to a ribosome, the 
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padlock probe fails to be circularized for 
amplification, thus allowing discrimination 
between actively translating and nontrans- 
lating mRNA molecules. 

Zeng et al. used RIBO-map to profile 
the translation of 981 genes in single HeLa 
cells and identified translation of differ- 
ent mRNAs at different stages of the cell 
cycle. RIBO-map was also used to identify 
translationally co-regulated gene modules, 
which previous single-molecule and single- 
gene imaging techniques were not able to 
detect. In mouse brain slices, RIBO-map de- 
tected 5413 genes across 
119,173 single cells—an 
impressive throughput. 
Interestingly, strong dis- 
cordance was observed 
between the translatome 
and transcriptome in 
oligodendrocyte lineage 
cells that may contribute 
to distinct pathways of 
oligodendrocyte matura- 
tion and _ heterogeneity. 
Furthermore, subcellular 
differences in the regula- 
tion of translation (for 
example, between the cell 
body and periphery) were observed in the 
hippocampus. 

Although RIBO-map has demonstrated 
spatial mapping of an impressive number 
of genes in tissue, it is still limited to detect- 
ing a finite set of known mRNA molecules. 
Previously, genome-wide unbiased profil- 
ing of translating mRNAs was achieved by 
fixing and precipitating ribosome-bound 
mRNAs for NGS (8) and was recently ex- 
tended to single cells (9). However, this 
approach has a low throughput and has 
not yet been applied to spatial mapping. 
Spatially profiling translating mRNAs base 
by base in complex tissues would provide 
the ability to detect sequence-specific RNA- 
protein interactions and translational activ- 
ity but remains a challenge. 

Previous studies have explored other 
stages of the life cycle of mRNA. For exam- 
ple, transcriptional bursts were observed at 
sites where nascent RNAs are synthesized 
(transcription active sites, TAS) in individual 
nuclei (J0). A multiplexed smFISH technique 
called seqFISH and probes designed to la- 
bel the TAS of >10,000 genes were used to 
capture the nascent transcriptome in single 
cells (17), but the technique has not yet been 
applied to complex tissues. Global run-on se- 
quencing permits unbiased measurement of 
nascent RNAs at genome scale (12) but has 
not been successfully implemented in single- 
cell or spatial profiling. To explore the matu- 
ration stage (that is, splicing) of an RNA 
molecule, NGS-based approaches have been 
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“, «Spatial epigenomics 
and multiomics could 
he integrated with 
RIBO-map to link 
RNA translation to 
epigenetic control, 
protein expression, and 

metabolic function.” 


used for single-cell isoform measurement in 
mouse motor cortex and cerebellar cells, as 
well as for spatial isoform mapping (73). 

The dynamic and multistaged life cycle of 
RNA is not a linear path from transcription 
to translation and degradation but is actively 
regulated by a large array of RNA bind- 
ing proteins and other RNA species. Thus, 
mapping the location of RNA-protein and 
RNA-RNA interactions will be important for 
understanding the regulation of gene expres- 
sion. In addition, chemical modification of 
RNAs alters stability and translation, repre- 
senting another important 
mechanism that would be 
interesting to map spa- 
tially and at genome scale. 

The three-probe method 
developed by Zeng et al. 
has the potential to be 
modified to investigate 
other stages of the RNA 
life cycle; for example, 
mRNA degradation rate 
might be studied by 
detecting endonuclease- 
bound mRNA molecules. 
In the future, the latest 
breakthroughs in spatial 
epigenomics (14, 15) and multiomics could 
be integrated with RIBO-map to link RNA 
translation to epigenetic control, protein 
expression, and metabolic function. Such an 
approach would span the central dogma of 
molecular biology, which defines the flow of 
genetic information from DNA to RNA, to 
protein and cellular function. 
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aintenance of size and shape of or- 
gans in multicellular organisms is 
determined by the balance between 
cell proliferation and cell death. 
It was thought that apoptosis, a 
mechanism driven by cleavage of in- 
tracellular proteins by caspases, was the only 
genetically programmed cell death pathway. 
However, it became apparent that necrosis, 
once regarded merely as an accidental form 
of cell death, can be a regulated process, with 
necroptosis being the major subtype (J). A 
key player in both apoptosis and necropto- 
sis is receptor-interacting protein kinase 1 
(RIPK1). On page 1372 of this issue, Zhang et 
al. (2) report that the cellular energy sensor 


adenosine monophosphate (AMP)-activated . 


protein kinase (AMPK) phosphorylates and 
inactivates RIPK1, opposing necroptosis and 
thus promoting cell survival. 

During apoptosis, cell fragments are re- 
moved by phagocytic cells in an immunologi- 
cally silent manner, whereas during necrop- 
tosis, cells burst, triggeringnflammation. 
The latter might seem deleterious—indeed, 
necroptosis is implicated in several inflam- 


matory disorders in humans (3). However, ; 


it has been suggested that necroptosis may 
have arisen as a backup pathway to kill vi- 
rus-infected cells, in which viral proteins 
sometimes inhibit apoptosis (4). 

The classical cell-extrinsic trigger of apop- 
tosis and necroptosis is tumor necrosis factor 
(TNF). Its binding to TNF receptors (TNFRs) 
recruits RIPK1 and TNFR type 1-associated 
DEATH domain protein (TRADD), by associ- 
ation of their death domains with that of the 
receptor, to form a TNFR-bound signaling 
complex (complex-I). Subsequent polyubiqui- 
tylation of lysine residues on RIPK1 generates 
scaffolds that recruit various components to 
initiate nuclear factor kB (NF-«B) signaling 
and promote cell survival [this scaffolding 
role of RIPK1 does not require its kinase ac- 
tivity (3)]. Alternatively, in response to TNFR 
stimulation, RIPK1 forms two intracellular 
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padlock probe fails to be circularized for 
amplification, thus allowing discrimination 
between actively translating and nontrans- 
lating mRNA molecules. 

Zeng et al. used RIBO-map to profile 
the translation of 981 genes in single HeLa 
cells and identified translation of differ- 
ent mRNAs at different stages of the cell 
cycle. RIBO-map was also used to identify 
translationally co-regulated gene modules, 
which previous single-molecule and single- 
gene imaging techniques were not able to 
detect. In mouse brain slices, RIBO-map de- 
tected 5413 genes across 
119,173 single cells—an 
impressive throughput. 
Interestingly, strong dis- 
cordance was observed 
between the translatome 
and transcriptome in 
oligodendrocyte lineage 
cells that may contribute 
to distinct pathways of 
oligodendrocyte matura- 
tion and _ heterogeneity. 
Furthermore, subcellular 
differences in the regula- 
tion of translation (for 
example, between the cell 
body and periphery) were observed in the 
hippocampus. 

Although RIBO-map has demonstrated 
spatial mapping of an impressive number 
of genes in tissue, it is still limited to detect- 
ing a finite set of known mRNA molecules. 
Previously, genome-wide unbiased profil- 
ing of translating mRNAs was achieved by 
fixing and precipitating ribosome-bound 
mRNAs for NGS (8) and was recently ex- 
tended to single cells (9). However, this 
approach has a low throughput and has 
not yet been applied to spatial mapping. 
Spatially profiling translating mRNAs base 
by base in complex tissues would provide 
the ability to detect sequence-specific RNA- 
protein interactions and translational activ- 
ity but remains a challenge. 

Previous studies have explored other 
stages of the life cycle of mRNA. For exam- 
ple, transcriptional bursts were observed at 
sites where nascent RNAs are synthesized 
(transcription active sites, TAS) in individual 
nuclei (J0). A multiplexed smFISH technique 
called seqFISH and probes designed to la- 
bel the TAS of >10,000 genes were used to 
capture the nascent transcriptome in single 
cells (17), but the technique has not yet been 
applied to complex tissues. Global run-on se- 
quencing permits unbiased measurement of 
nascent RNAs at genome scale (12) but has 
not been successfully implemented in single- 
cell or spatial profiling. To explore the matu- 
ration stage (that is, splicing) of an RNA 
molecule, NGS-based approaches have been 
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used for single-cell isoform measurement in 
mouse motor cortex and cerebellar cells, as 
well as for spatial isoform mapping (73). 

The dynamic and multistaged life cycle of 
RNA is not a linear path from transcription 
to translation and degradation but is actively 
regulated by a large array of RNA bind- 
ing proteins and other RNA species. Thus, 
mapping the location of RNA-protein and 
RNA-RNA interactions will be important for 
understanding the regulation of gene expres- 
sion. In addition, chemical modification of 
RNAs alters stability and translation, repre- 
senting another important 
mechanism that would be 
interesting to map spa- 
tially and at genome scale. 

The three-probe method 
developed by Zeng et al. 
has the potential to be 
modified to investigate 
other stages of the RNA 
life cycle; for example, 
mRNA degradation rate 
might be studied by 
detecting endonuclease- 
bound mRNA molecules. 
In the future, the latest 
breakthroughs in spatial 
epigenomics (14, 15) and multiomics could 
be integrated with RIBO-map to link RNA 
translation to epigenetic control, protein 
expression, and metabolic function. Such an 
approach would span the central dogma of 
molecular biology, which defines the flow of 
genetic information from DNA to RNA, to 
protein and cellular function. 
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aintenance of size and shape of or- 
gans in multicellular organisms is 
determined by the balance between 
cell proliferation and cell death. 
It was thought that apoptosis, a 
mechanism driven by cleavage of in- 
tracellular proteins by caspases, was the only 
genetically programmed cell death pathway. 
However, it became apparent that necrosis, 
once regarded merely as an accidental form 
of cell death, can be a regulated process, with 
necroptosis being the major subtype (J). A 
key player in both apoptosis and necropto- 
sis is receptor-interacting protein kinase 1 
(RIPK1). On page 1372 of this issue, Zhang et 
al. (2) report that the cellular energy sensor 


adenosine monophosphate (AMP)-activated . 


protein kinase (AMPK) phosphorylates and 
inactivates RIPK1, opposing necroptosis and 
thus promoting cell survival. 

During apoptosis, cell fragments are re- 
moved by phagocytic cells in an immunologi- 
cally silent manner, whereas during necrop- 
tosis, cells burst, triggeringnflammation. 
The latter might seem deleterious—indeed, 
necroptosis is implicated in several inflam- 


matory disorders in humans (3). However, ; 


it has been suggested that necroptosis may 
have arisen as a backup pathway to kill vi- 
rus-infected cells, in which viral proteins 
sometimes inhibit apoptosis (4). 

The classical cell-extrinsic trigger of apop- 
tosis and necroptosis is tumor necrosis factor 
(TNF). Its binding to TNF receptors (TNFRs) 
recruits RIPK1 and TNFR type 1-associated 
DEATH domain protein (TRADD), by associ- 
ation of their death domains with that of the 
receptor, to form a TNFR-bound signaling 
complex (complex-I). Subsequent polyubiqui- 
tylation of lysine residues on RIPK1 generates 
scaffolds that recruit various components to 
initiate nuclear factor kB (NF-«B) signaling 
and promote cell survival [this scaffolding 
role of RIPK1 does not require its kinase ac- 
tivity (3)]. Alternatively, in response to TNFR 
stimulation, RIPK1 forms two intracellular 
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complexes: complex-IIa, which 
also contains caspase-8 andFAS- 
associated death domain protein 
(FADD), and complex-IIb (also 
called the necrosome), which 
contains the protein kinase 
RIPK3 and mixed lineage kinase 
domain-like (MLKL). MLKL has 
a pseudokinase domain that 
binds adenosine  triphospa'te 
(ATP) but lacks two amino acids 
required for kinase activity (4). 
When caspase-8 in complex- 
Ila is activated, it initiates apop- 
tosis while also cleaving RIPK1 
at Asp** within its intermediate 
domain, thus inhibiting necrop- 
tosis. Conversely, in the necro- 
some, RIPK1 and RIPK3 interact 
through their RIP homotypic in- 
teraction motifs (RHIMs) to form 
amyloid-like protein filaments. 
Through a complex sequence 
of association and autophos- 


Opposing necroptosis 

Necroptosis is activated by TNFRs, which lead to formation of the necrosome that 
contains RIPK1-RIPK3 amyloid-like filaments that activate MLKL. However, if cells 
experience an insult that causes energy stress, AMPK is activated. This phospho- 
rylates Ser“ (S416) of RIPK1, which inhibits the activating S166 phosphorylation, 
thus repressing necroptosis. Amino acid numbers are for human proteins. 


Necroptosis suppression 
Energy stress causes increased ADP:ATP ratio, 
which is amplified by adenylate kinases into 

larger increases in AMP:ATP that activate AMPK. 


Ubiquitin 2 


Energy ADP 


stress —> | ed foce TT eayec 


Necroptosis activation 
Upstream pathways (e.g., 
RIPK1 deubiquitylation) can 
trigger autophosphorylation 
of RIPK1 at S166. 


Adenylate 


kinase 
Gi —11eaze 


Inhibition of S166 
phosphorylation 
[2 represses necroptosis. 


Why should AMPK _ oppose 
necroptosis but not apoptosis? 
One possibility is that, during 
apoptosis, cellular ATP levels are 
maintained until the last mo- 
ment, whereas ATP depletion is 
associated with necrosis and can 
even be a trigger for it (8). Thus, 
the AMPK pathway is more 
likely to be activated during ne- 
crosis rather than apoptosis. 

It is becoming apparent that 
a major function of AMPK is 
to maintain cellular mitochon- 
drial networks, which are the 
main source of ATP. When a 
mitochondrial network becomes 
damaged, it must first be cleaved 
into segments small enough to 
be removed by mitophagy, which 
AMPK achieves by promoting 
fission and inhibiting fusion of 
mitochondria through the phos- 
phorylation of mitochondrial 


phorylation events (5), RIPK3 ‘rr N eee TERE EAREDES fission factor (MFF) (9) and mi- 
is activated and phosphorylates phorylated RIPK1 dara domain domain tochondrial fission regulator Ih 
MLKL, which goes on to execute and RIPK3 interac like (MTFRIL) (10), respectively. 
necroptosis (4). through RHIM e Next, AMPK activates mitoph- 

AMPK is expressed in nearly all domains to form RIPK3—-N|_ S227 | ~—s Jc agy by phosphorylating unc-51- 
eukaryotic cells and is switched plete en then Kinase RHIM like autophagy-activating kinase 
on by cellular energy stress that phosphorylates MLKL. en ll L. (ULK1) (12). Finally, by phos- 
it normally senses by detect- a phorylating folliculin-interact- 
ing increases in AMP relative to MLKL N a ee Cc ing protein 1 (FNIP1) (12), AMPK 
ATP (see the figure), although LKL executes Four-helix Pseudokinase stimulates both lysosomal and 
glucose starvation can also be necroptosis via bundle domain mitochondrial biogenesis—the 
sensed by an AMP-independent Dea dle Y Necrosome former to ensure an adequate 
mechanism (6). AMPK then Necroptasis supply of lysosomes to support 
phosphorylates numerous down- mitophagy, and the latter to re- 

ADP, adenosine diphosphate; AMP, adenosine monophosphate; AMPK, AMP-activated protein kinase; ATP, 


stream target proteins (7), 
switching on catabolic pathways 
that generate ATP from adenos- 
ine diphosphate (ADP) while switching off 
ATP-consuming processes, thus preserving 
cellular energy status and promoting sur- 
vival. Zhang et al. deprived mouse embryonic 
fibroblasts (MEFs) of glucose and noticed a 
reduced mobility of RIPK1 during gel elec- 
trophoresis that was reversed by treatment 
with a protein phosphatase, indicating that it 
was a result of phosphorylation. The mobility 
shift was abolished in AMPK-deficient MEFs. 
Further analyses identified eight phosphory- 
lation sites on RIPK1, of which one (Ser“ in 
mice and Ser*® in humans) was increased by 
glucose deprivation. The sequence around 
this site is a reasonable fit to the recogni- 
tion motif for AMPK, and in cell-free assays, 
AMPK phosphorylated Ser“® in RIPK1. 

To test the role of AMPK in the regula- 
tion of necroptosis in vivo, Zhang et al. in- 
duced deletion in mice of the genes encod- 
ing both AMPK catalytic subunits (a1 and 
a2) and noted increased activation of RIPKI 
and cell death in several tissues. They also 
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created mice in which Ser*® of RIPK1 was 
replaced by a nonphosphorylatable ala- 
nine. These mice were viable and initially 
appeared normal, but increased cell death 
and inflammation occurred when the liver 
was stressed by ischemia and reperfusion. 
Overall, these data indicate that AMPK op- 
poses necroptosis through direct phosphor- 
ylation of Ser™ or Ser*® on RIPK1. Because 
this appears to reduce the phosphorylation 
of Ser'® within the activation loop, which 
is thought to be an autophosphorylation 
event, AMPK-mediated phosphorylation 
of RIPK1 may inhibit its kinase activity, al- 
though this was not directly demonstrated. 

There have been attempts to examine the 
effects of AMPK activation on apoptosis, but 
these studies have often been marred by the 
use of nonselective modulators of AMPK, and 
no clear picture has emerged. The findings 
of Zhang et al., demonstrating both a mecha- 
nism and a molecular target by which AMPK 
opposes necroptosis, are a clear step forward. 


place damaged mitochondrial 


tor. components that had been re- 


cycled by mitophagy. How does 
this fit in with the findings of Zhang et al.? 
In the longer term, maintenance of the mi- 
tochondrial network by AMPK would help 
to ensure cellular energy homeostasis, thus 
making it less likely that necroptosis would 
be promoted by ATP depletion. However, if 
necroptosis was triggered, the phosphoryla- 
tion of RIPK1 by AMPK might delay the pro- 
cess to allow time for repair of the mitochon- 
drial network and stave off cell death. 
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f goals set under the Paris Agreement 

are met, the world may hold warming 

well below 2°C (1); however, parties are 

not on track to deliver these commit- 

ments (2), increasing focus on policy im- 

plementation to close the gap between 
ambition and action. Recently, the US gov- 
ernment passed its most prominent piece 
of climate legislation to date—the Inflation 
Reduction Act of 2022 (IRA)—designed to 
invest in a wide range of programs that, 
among other provisions, incentivize clean 
energy and carbon management, encourage 
electrification and efficiency measures, re- 
duce methane emissions, promote domestic 
supply chains, and address environmental 
justice concerns (3). IRA’s scope and com- 
plexity make modeling important to un- 
derstand impacts on emissions and energy 
systems. We leverage results from nine in- 
dependent, state-of-the-art models to exam- 
ine potential implications of key IRA pro- 
visions, showing economy-wide emissions 
reductions between 43 and 48% below 2005 
levels by 2035. 

This multimodel analysis provides a 
range of decision-relevant information. For 
example, international policy-makers and 
negotiators need to track progress toward 
Paris Agreement pledges, and assessing 
IRA’s impacts is important to monitor US 
efforts and to provide a template for mea- 
suring the performance of other sectors and 
jurisdictions. Federal and state policy-mak- 
ers can use this IRA analysis to compare 
updated baselines with policy targets—for 
emissions, electric vehicle deployment, and 


others—to understand the magnitude of ad- 
ditional policies and private-sector actions 
needed to narrow implementation gaps. 
Electric companies need to know how long 
IRA incentives will be available, because 
these subsidies can continue until electric- 
ity emissions are below 25% of their 2022 
levels, which requires national models to 
evaluate. Industry- and technology-specific 
deployment can support investors, technol- 
ogy developers, researchers, and companies 
to quantify market opportunities. 


MODELING IRA PROVISIONS 

Some of the models used in our analysis in- 
formed legislative debates preceding IRA’s 
passage (4-7). We build on these prelimi- 
nary analyses by updating IRA represen- 
tations, increasing the number of models, 
and providing a systematic comparison of 
decision-relevant metrics. Multimodel stud- 
ies highlight the robustness of insights and 
potential uncertainties to alternate model 
structures and input assumptions. Models 
in this study vary in their coverage and im- 
plementation of IRA provisions (table S1). 
These differences are due to the models’ 
scopes (e.g., six models of the full US energy 
system versus three that focus on the power 
sector only) and resolutions (e.g., level of 
technological and sectoral detail). Varia- 
tions in IRA implementation across models 
are also caused by the bill’s complexity and 
pending guidance from government agen- 
cies, which require subjective judgments 
from modeling teams. The partial coverage 
of IRA provisions could imply that mod- 


6 


els underestimate emissions reducti ee 


though many of IRA’s largest provisions are — 
represented and the degree of additional- 
ity of the remaining provisions is unclear 
(materials and methods $7). Other sim- 
plifications (e.g., limited representations 
of frictions associated with infrastructure 
deployment, supply chains, and non-cost 
barriers) could result in higher emissions 
relative to modeled outcomes. These uncer- 
tainties imply that model results should not 
be interpreted as predictions (materials and 
methods S1). 

To evaluate impacts on emissions and en- 
ergy systems, IRA scenarios are compared 
to their counterfactual reference scenarios 
without IRA (materials and methods S2). 
IRA scenarios focus on central estimates of 
climate and energy provisions, which are 
not harmonized across models. 


EMISSIONS REDUCTION PATHWAYS 
Economy-wide emissions reductions from 
IRA are 33 to 40% below 2005 levels in 
2030 across multisector models with a 37% 
average (see the first figure). This reflects a 
range of IRA provisions modeled, input as- 
sumptions, and model structures (materials 
and methods S1). The 2030 range with IRA 
of 33 to 40% is a substantial reduction from 
the reference without IRA incentives, which 
is 25 to 31% below 2005 (28% average). 
Emissions reductions from IRA grow over 
time and lead to 43 to 48% declines by 2035 
from 2005 (compared with 27 to 35% in the 
reference). IRA helps to narrow the imple- 
mentation gap in achieving the US 2030 
target to reduce net greenhouse gas (GHG) 
emissions by at least 50% (8, 9). The emis- 
sions gap is 1.0 to 1.6 gigatonnes of carbon 
dioxide equivalent per year (Gt-CO,e/year) 
without IRA, falling to 0.5 to 11 Gt-CO,e/ 
year with IRA [19 to 25 percentage points 
(p.p.) to 10 to 17 p.p., fig. S6]. 

Emissions reductions are not evenly dis- 
tributed across sectors (see the first figure). 
Most IRA-induced mitigation comes from 
electricity, representing 38 to 80% of 2030 
reductions (64% average) from the refer- 
ence in economy-wide models. There is 
consistency across models that IRA will ac- 
celerate power sector decarbonization (fig. 
87). In 2030, power sector emissions with 
IRA are 47 to 83% (68% average) below 
their 2005 levels compared to 41 to 60% 
(51% average) in the reference. IRA-induced 
reductions continue through 2035, and the 
range narrows to 66 to 87% (77% average) 
below 2005 levels with IRA compared to 39 
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to 68% (53% average) in the reference (fig. 
S7B), short of the goal of totally “carbon 
pollution-free electricity” by 2035 (8). The 
technology-neutral tax credits under IRA 
for zero-emitting resources continue after 
2032 until electricity emissions are 25% of 
2022 levels. Three of nine models reach this 
threshold by 2035. 


EFFECTS OF IRA ON THE POWER SECTOR 
IRA includes many electricity-related pro- 
visions (table S1), including investment 
(30%) and production [$27.5 per megawatt- 
hour (MWh), 10 year] tax credits for clean 
electricity resources, tax credits for energy 
storage and carbon capture, and tax credits 
to maintain existing nuclear plants. Some 
provisions involve long-term extensions of 
pre-IRA tax credits (e.g., for wind and so- 
lar), some involve increases in tax credit 
levels (e.g., carbon capture credits, bonuses 
for production and investment credits), and 
others are new (e.g., support for existing 
nuclear and stand-alone storage). 

Models consistently show that IRA leads 
to large increases in wind and solar de- 
ployment but with substantial variation in 
magnitudes (fig. S13A). Across all models, 
growth rates from 2021 to 2035 range from 
10 to 99 GW/year for solar and wind under 
IRA (58 GW/year average), which is more 
than twice the average of 27 GW/year with- 
out IRA and higher than the record 33 GW 
installed in 2021. There is wide variation 
in the expected increase in energy storage 
across models, 1 to 18 GW/year (7 GW/year 
average), compared with 0 to 8 GW/year in 
the reference. 

Results also exhibit reductions of un- 
abated coal generation [i.e., without any 
carbon capture and storage (CCS)], ranging 
from 38 to 92% declines from 2021 levels 
by 2030 with IRA (see the second figure) 
versus 3 to 60% without IRA. Five models 
show retrofits of some share of coal capac- 
ity with CCS, driven by the high value of 
tax credits for stored CO, (increasing from 
$50/t-CO, historically to $85/t-CO,) (fig. 
$13). Although all models suggest that gas- 
fired capacity will increase to provide firm 
capacity as load grows and coal retires, 
most models also suggest that natural gas 
generation will decline under IRA relative 
to today’s levels (fig. S13). 

Overall, generation shares from low-emit- 
ting technologies—including renewables, 
nuclear, and CCS—in 2030 vary between 49 
and 82% (68% average) across models with 
IRA (fig. S13B), up from about 40% today 
and from 46 to 65% without IRA (54% aver- 
age), an 11 to 33 p.p. increase. Power sector 
generation and emissions outcomes under 
IRA are more closely aligned by 2035 across 
models (figs. S7 and S13). 
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Cross-model comparison of US emissions reductions under the 
Inflation Reduction Act (IRA) 


Results reflect modeling of both IRA and reference scenarios, relative to the year 2005. The six models used 
across both panels are EPS-El, GCAM-CGS, MARKAL-NETL, NEMS-RHG, REGEN-EPRI, and RIO-REPEAT. 
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IMPLICATIONS OF IRA ON 

END-USE DEMAND 

IRA reduces transport emissions by acceler- 
ating electrification. Across models, electric 
vehicles (EVs) are 32 to 52% of new light- 
duty vehicle sales by 2030 with IRA (41% 
average), compared with 22 to 43% (31% 
average) in the reference (see the second 
figure) (fig. S14), which is several times 2022 
sales levels of about 7%. EV sales decrease 
or flatten between 2030 and 2035 owing to 
the expiration of IRA tax credits. The electri- 
fied service demand share, stock share, and 
emissions lag new sales, given the turnover 
rate of the fleet (fig. S15). EV credits in IRA 
also exist for commercial vehicles, includ- 
ing vans, buses, and trucks. These incentives 
help electrify these segments, representing 
about one-third of transport electricity de- 
mand by 2030 (fig. S17). Transport exhibits 
the highest growth in electrification, though 
the magnitude varies by model (2 to 6% of 
final energy use in the sector by 2030 with 
IRA, 1 to 4% in the reference). 

IRA incentives also encourage building 
efficiency and electrification, especially the 
adoption of heat pumps for space and water 
heating. Buildings currently have the highest 
electrification share of end-use sectors (just 
under 50% of final energy use in the sector), 
which increases as end-uses electrify (fig. 
S16). Fuel switching from fossil fuels to elec- 
tricity in buildings, transport, and industrial 
sectors leads electricity’s economy-wide share 
of final energy to increase from about 21% 
today to 23 to 26% by 2030 (see the second 
figure) and 25 to 29% by 2035. 


These projected changes in demand may 
drive the first sustained period of declining 
petroleum use in US history (fig. S18). By 
2030, IRA scenarios show an 11 to 32% (22% 
average) decrease in petroleum consumption 
from 2005, but much of this happens in the 
reference (11 to 31% with 20% average) owing 
to the competitiveness of transport electrifi- 
cation and continued efficiency improvement 
in the remaining internal combustion engine 
fleet. Natural gas consumption also decreases 
with IRA relative to the reference scenario, 
especially in the power sector, but declines 
relative to its historical peak are not as high 
as they are for petroleum and coal. IRA may 
catalyze several new markets in industry and 
fuels, including CCS, hydrogen, biofuels, and 
sustainable aviation fuels. Tax credits for cap- 
tured CO, may accelerate emissions reduc- 
tions across a variety of industries and lead to 
CCS deployment in the industrial sector, fuel 
production, and the power sector (fig. S22). 


SOCIETAL IMPLICATIONS OF IRA 

The climate-related benefits of IRA are es- 
timated to be substantial (fig. S10), even 
though there is uncertainty about the mag- 
nitude of the social cost of CO, (10) (fig. S9) 
and model-specific emissions impacts of 
IRA (see the second figure). Climate benefits 
range from $44 billion to $220 billion annu- 
ally by 2030 across models using central so- 
cial cost of CO, values with a 2% near-term 
discount rate ($20 billion to $100 billion with 
a 3% rate). Implied average abatement costs 
of IRA incentives per unit of CO, reduced 
range from $27 to $102/t-CO, with an aver- 


A driver charges an electric vehicle at a charging station in California in 2022. The Inflation Reduction Act is 
expected to help drive electrification of the transportation sector. 
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age of $61/t-CO, across all models (fig. S11). 
Although these costs are higher for economy- 
wide models (materials and methods S4), 
abatement costs are much lower than many 
updated social cost of CO, estimates, even be- 
fore accounting for other co-benefits. 
Declining fossil fuel use lowers not only 
GHG emissions but also conventional air 
pollutants, which improves public health 
outcomes. Figure S12 compares reductions in 
SO, and NO, in the power sector and across 
the economy. Individual studies indicate that 
monetized health benefits from power sector 
air pollution reductions alone are $9 billion 
to $22 billion annually by 2030 (11, 12), and 
$53 billion annually by 2030 from particulate 
matter reductions across the economy (8). 
These declines in fossil fuel use gener- 
ally mean that IRA lowers energy costs for 
households and businesses (fig. S19), despite 
increases in electricity spending. The magni- 
tudes of these consumer cost changes vary 
over time and across the four economy-wide 
models reporting fuel expenditures, but net 
spending declines $2 billion to $26 billion/ 
year by 2030 ($13 to $190 per household) 
relative to the reference and $10 billion to 
$52 billion per year by 2035 ($73 to $370 per 
household). Electrification and accelerated 
investments increase electricity expenditures 
for most economy-wide models, even though 
there is a reduction in total net energy ser- 
vice costs. Incentives for the adoption of end- 
use technologies such as EVs and heat pumps 
also can lower capital and maintenance costs. 
The magnitude and composition of tax 
credit value under IRA vary by model (fig. 
$21). Estimates from economy-wide mod- 
els suggest that $330 billion to $870 billion 
could be spent on tax credits through 2030 
($510 billion average), which suggests that 
uptake of IRA incentives could be greater 
than initial Congressional Budget Office- 
Joint Committee on Taxation estimates indi- 
cated (3). Cumulative tax credit expenditures 
through 2035 span $640 billion to $1300 bil- 


id 


« 


¢ 


lion ($910 billion average), indicating that . 


some IRA impacts may take longer to mate- 
rialize. Individual studies perform analysis 
to understand broader societal implications 
of IRA, including improving distributional 
outcomes (/7), increasing jobs (5, 6, 12), and 
bolstering domestic manufacturing (73). 


CONCLUSIONS AND KEY UNKNOWNS 

Although IRA accelerates decarbonization, 
including beyond 2030, no models indicate 
that the 2030 US climate target would be met 
with IRA alone. Overall, the analysis suggests 
that IRA may have its largest effects in the 
power sector, as its incentives amplify trends 
already underway and lower decarbonization 
costs. Modeling IRA impacts is challenging, 
because net effects depend on clean energy 
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Key Inflaton Reduction Act (IRA) indicators across models 

Indicators reflect values estimated for the year 2030. Clean generation and capacity shares include renewables, 
nuclear, and carbon capture and storage—equipped generation. Electric vehicle sales include battery or plug-in 
hybrid electric vehicles. Model-specific values for these metrics are provided in table S6. 
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adoption, producer choices, household pur- 
chases, and actions by policy-makers. Several 
key unknowns remain. 

For example, lowering clean energy costs 
may increase ambitions of other federal 
agencies, state and local governments, and 
companies, though there are many complex 
drivers of such goals. These dynamic effects 
of ratcheting ambition are not accounted 
for in the modeled scenarios described here 
but may be key to closing the 2030 imple- 
mentation gap. In recent months, the US 
Environmental Protection Agency has re- 
leased proposed standards that target emis- 
sions from cars, trucks, and power plants. 
These complementary regulations are aimed 
at leveraging IRA incentives to further accel- 
erate decarbonization trends and lower costs 
of future regulations. 

Also, expanded and new tax credits in 
IRA—combined with grants, loans, fees, 
domestic manufacturing incentives, and 
Infrastructure Bill incentives—support 
technologies that have experienced recent 
growth (e.g., wind, solar, batteries) and cata- 
lyze new markets for other decarbonization 
options (e.g., CCS, new nuclear, hydrogen, 
biofuels). Making clean technologies cheap 
to accelerate adoption can, in turn, buy 
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down learning curves and encourage fur- 
ther deployment. By making low-emitting 
technologies cheaper domestically, IRA may 
have international spillovers, bolstering the 
political economy of those making their own 
investments and policies. Emerging technol- 
ogies have larger uncertainty about induced 
technical change owing to their limited de- 
ployment and nascent markets. 

Models attempt to capture many economic 
factors that could influence technology adop- 
tion, but several implementation challenges 
are difficult to model, including the scale-up 
of supply chains and materials, siting and 
permitting, infrastructure expansion, net- 
work effects, non-cost barriers to consumer 
uptake of incentives, and the economic in- 
cidence of subsidies. These questions have 
prompted debate about permitting reform to 
streamline the infrastructure approval pro- 
cess and increase the pace of clean energy de- 
ployment, though legislative disagreements 
have emerged about the types of projects 
included and about balancing these reforms 
with environmental safeguards and commu- 
nity participation. Broader macroeconomic 
trends of escalating interest rates, materials 
costs, and labor costs can lower decarboniza- 
tion rates, though IRA incentives can help to 


offset these factors (74). Additional analysis 
is important for understanding potential im- 
pacts of partial coverage of IRA provisions 
and IRA implementation uncertainties, as 
well as uncertainties about external factors, 
including inflationary trends, domestic mac- 
roeconomic environment, and global drivers 
(materials and methods S82). 
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Water, now and then 


Reflecting on humanity’s intertwined history with water, 
a scientist offers actionable advice for meeting future needs 


By Miriam Aczel 


eter Gleick’s The Three Ages of Water 

is a fascinating and timely examina- 

tion of how water—both its abun- 

dance and its scarcity—has shaped 

human life and history. It is also an 

important call to protect existing wa- 
ter sources before they run dry that demon- 
strates what we can do to transition from an 
era defined by rampant water use to a more 
sustainable future. 

The “First Age of Water,’ as Gleick con- 
ceives of it, began with the formation of Earth 
and continued through the emergence of hu- 
man civilization around 12,000 years ago. 
During this period, humans were intimately 
dependent on nature for fresh water. As pop- 
ulations grew, however, they began to control 
the water around them, building dams and 
aqueducts that helped support early agricul- 
tural efforts. This era also “brought violent 
conflict directly associated with the control 
of vital water resources.” 

According to Gleick, the “Second Age of 
Water” began as humans learned to manip- 
ulate the natural hydrologic cycle for their 
benefit, as they built large dams and aque- 
ducts and treated wastewater, and as they ir- 
rigated large areas for agricultural purposes. 
We are presently in this age, which has also 
included many of the intellectual and techno- 
logical revolutions that define modernity and 


The reviewer is at the California Institute for Energy and 
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an explosion in the human population. 

The traditional approach to providing wa- 
ter services, known as the “hard path,” relies 
almost exclusively on physical infrastructure 
and centralized water-treatment plants with- 
out consideration for the needs of impover- 
ished or marginalized communities. Gleick 
demonstrates that this approach 
has “delivered dying ecosystems, 
rivers that do not reach the sea, 
and aquifers that are tapped out 
and cannot be restored.” 

Gleick argues that as the sec- 
ond age of water ends, we must 
embrace a sustainable “Third 
Age” to overcome the challenges 
of population growth, environ- 
mental degradation, and cli- 
mate change. He advocates for 
a “soft path for water,’ focusing 


The Three Ages 
of Water: 
Prehistoric Past, 
Imperiled Present, and 
a Hope for the Future 


Aman crosses a dry reservoir in Maharashtra, In 
a region experiencing an unprecedented water crisis. 


improvements could reduce the electric- 
ity needs of California’s water system by up 
to 19% between 2015 and 2035 (1). Because 
emissions reductions will take time to imple- 
ment, it will also be essential to plan for the 
consequences of already unavoidable climate 
changes by strengthening the resilience of 
vulnerable water systems. 

Gleick concludes on an optimistic note, ar- 
guing that “a positive future in the Third Age 
of Water is not only possible but inevitable.” 
He describes how previous assumptions that 
“exponential growth in population, consump- 
tion, and production is not only necessary 
but good” are giving way to an understanding 
that healthy ecosystems and a stable climate 
are indeed the “real foundation of a healthy, 
resilient society.” 

Gleick presents clear actions that might 
be taken by governments, political leaders, 
businesses, and communities to address wa- 
ter sustainability. We need to invest in the 
creation and deployment of more-efficient 
infrastructure, such as dishwashers, wash- 
ing machines, and toilets, he argues. But a 
key part of the change “must be social and 
institutional.” Rather than focusing exclu- 
sively on increasing water supply, we must 
also focus on doing more with what we al- 
ready have. “High-quality water produced 
from wastewater,’ for example, “is an asset, 
not a liability.” Wastewater, Gleick 
explains, which largely flows, 
untreated, back into the environ- 
ment, should instead be collected, 
purified, and reused. 

Governments, he argues, have a 
responsibility to expand efforts fo- 
cused on meeting long-term water 
demands sustainably, rather than 
short-term priorities. Individuals 
should educate themselves and 
use water more efficiently and 
should advocate for improved lo- 


on meeting water-related needs. Peter Gleick cal water management institu- 
This approach recognizes the hu- saa 2023. tions. Corporations have a social 


man right to water as well as the 

true value of water. It protects the health of 
ecosystems, maximizes social and individ- 
ual well-being, and expands the available 
sources of water. 

Effective water management will also be 
key to tackling climate change, Gleick main- 
tains. To mitigate climate risks, we must 
reduce greenhouse gas emissions. Energy 
and water systems are interconnected, and 
improving water-use efficiency and produc- 
tivity is a simple and cheap way to reduce 
energy consumption. He cites a recent study 
conducted by the Pacific Institute, for ex- 
ample, which found that low-cost, low-effort 


responsibility to minimize unnec- 
essary water use and to protect local water 
resources and the communities in which they 
are situated. 

In the end, The Three Ages of Water pro- 
vides a hopeful and practical vision for a 
more sustainable water future, one that sup- 
ports human health, ecosystems, and eco- 
nomic development. & 
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Thalidomide in America 


A journalist corrects the record on US exposure 


By Jesse Olszynko-Gryn 


he story of thalidomide—the notorious 

West German drug that caused chil- 

dren around the world to be born with 

conspicuous limb anomalies in the 

years around 1960—is worth revisit- 

ing, not least because the survivors are 
still among us, now approaching retirement 
age. In Britain, Canada, and Germany, they 
are an exceptionally well-documented co- 
hort. After decades of invisibility, those born 
in the United States deserve to be seen, too. 
In Wonder Drug, journalist Jennifer Vander- 
bes excavates an important corrective to the 
mythology that has accreted around the US 
thalidomide experience. 

US Food and Drug Administration (FDA) 
reviewer Frances Kelsey’s stubborn convic- 
tion (or indecisiveness, as her critics saw it) 
regarding the safety of thalidomide stalled 
US approval of the drug, which was widely 
marketed in the late 1950s and early 1960s 
in other countries as a sedative and as a 
treatment for nausea related to pregnancy. 
In the meantime, concerning reports started 
to come in associating the drug with nerve 
damage in adults after long-term use and 
with congenital limb differences in the chil- 
dren of mothers who ingested the product in 
the early months of pregnancy. Yet, despite 
Kelsey’s efforts to prevent thalidomide from 
coming to market in the US, more pregnant 
American women (and fetuses) were ex- 
posed to the drug than is generally realized. 

Although it is an exaggeration to say 
that Kelsey’s life has “never been written 
about’”—a biography was published 5 years 
ago—Vanderbes pushes beyond heroizing 
accounts of the lone woman who single- 
handedly prevented a global drug disaster 
from harming Americans. She provides the 
first sustained account of thalidomide’s cir- 
culation in the US, where it was distributed 
primarily under the name “Kevadon” as part 
of legal premarket testing by the Cincinnati- 
based William S. Merrell Company and oth- 
ers ahead of anticipated FDA approval. 

A key claim of the book, anchored in ar- 
chival research and interviews, is that dozens 
of US children were exposed to thalidomide 
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in utero during the premarket trial phase 
that saw the widespread distribution of free 
unmarked samples. We will never know how 
many children were affected, but Vanderbes 
persuasively argues that it was considerably 
more than the original FDA count of nine. 

Some of her other claims are more con- 
tentious and require additional evidence, 
contextualization, and comparison. For in- 
stance, it is difficult to determine whether 
the human thalidomide trials conducted 
were insufficient or whether more testing on 
pregnant animals should have been done be- 
fore human trials, as Vanderbes argues, with- 
out a more complete picture of the standards 
of the time. Her preferred analytic categories 
of “greed,” “incompetence,” and “dishonesty” 
are better at holding specific people and 
companies to account than explaining the 
structural factors at play. 

To understand how such a devastating 
worldwide event could transpire with ago- 
nizing slowness, it helps to also consider how 
information was shared in the early 1960s. 
Decades before the internet or social media, 
much effort was required to connect the dots 
between local clusters of similarly affected 
infants in different parts of the world. The 
hard-won consensus that an unprecedented 
catastrophe was not only in progress, but 
was being propelled by an apparently safe 
medication, helped end an era of optimism 
in scientific progress and usher in a new, 
less-trusting one. 
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Wonder Drug: 

The Secret History of 
Thalidomide in America 
and Its Hidden Victims 
Jennifer Vanderbes 

Random House, 2023. 432 pp. 


Historians, who tend to view the past as 
contingent, may object to the more deter- 
ministic theses of Wonder Drug. A different 
account might have placed less emphasis on 
Germany’s Nazi past, for example, and more 
on the genuine enthusiasm that surrounded 
thalidomide—a drug that appeared to be a 
safer alternative to barbiturates (which 
themselves had been marketed as less 
harmful than opioids) during a period 
characterized by addiction and overdose. 
Vanderbes herself provides much evidence 
that many male doctors took the promising . 
new medicine and gave it to their pregnant 
wives in good faith. 

“The past is never dead,” wrote William 
Faulkner in 1951 in Requiem for a Nun. “It’s 
not even past.” As with so many disasters 
of the 20th century, the effects of thalido- 
mide are not history; survivors continue to 
live with them every day, and Vanderbes 
is finely attuned to the crucial role played 
by journalists since the 1960s in provok- 
ing outrage and keeping it alive to support 
their campaigns for recognition, compen- 
sation, and justice. Wonder Drug is both a 
moving account of the uphill battles faced 
by survivors and a striking example of 
how investigative journalism can help. It 
will have accomplished an important and 
laudable mission if its publication leads to 
greater awareness about US thalidomide 
exposure. 

10.1126/science.adi5325 
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Activists show support for incarcerated Black mothers in 2019. 


PODCAST 


Killing the Black Body: 
Race, Reproduction, 

and the Meaning of Liberty 
Dorothy Roberts 

Pantheon, 1997. 373 pp. 


ore than two decades after 

its initial publication, Dorothy 
Roberts's Killing the Black Body 
remains an authoritative critique 
of reproductive inequality in the 
United States. This week on the 
Science podcast, Roberts revisits 
her scholarship on the fraught 
history of Black motherhood 

in America and discusses its 
modern-day relevance. 
https://bit.ly/3JOZxKk 


10.1126/science.adj1265 
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Akiller whale breaches at the site of the proposed shipping terminal expansion in Canada’s Fraser River estuary. 


Editorial Expression 
of Concern 


On 30 September 2021, Science published 
the Research Article “Light-induced mobile 
factors from shoots regulate rhizobium- 
triggered soybean root nodulation” by Tao 
Wang et al. (1). The editors have been made 
aware that data presented in Fig. 5 assessed 
GmNSPI1 expression rather than GmNIN 
expression. We are alerting readers to these 
concerns while the authors provide addi- 
tional data to correct the manuscript. 

H. Holden Thorp 

Editor-in-Chief, Science 


REFERENCES AND NOTES 
1. T.Wangetal., Science 374, 65 (2021). 


10.1126/science.adj3306 


Will Canada permit killer 
whale extinction? 


The 2022 UN Biodiversity Conference 

(COP15) culminated in a landmark agree- 
ment to halt biodiversity loss (1), increas- 
ing pressure on governments to confront 
the conflict between mandates to protect 
species and pressure to protect econo- 

mies. Canada’s commitment to ecological 
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priorities has been put to the test by the 
CAN$3.5 billion Roberts Bank port expan- 
sion in British Columbia’s Fraser River 
estuary (2). Canada cannot ignore its biodi- 
versity commitments to pursue growth at 
the expense of ecosystems. 

The Canadian government approved 
the port expansion in April, despite its 
own conclusion (3) that the effects, which 
would include destroying wildlife habitat 
protected by the Species at Risk Act, would 
be substantial and irreversible. If the proj- 
ect proceeds, more than 100 at-risk species 
(4) that are already grappling with climate 
change and habitat loss will face additional 
habitat destruction, as well as pollution and 
noise caused by increased shipping traf- 
fic. Further destruction of the Fraser River 
estuary, one of the most important salmon- 
bearing ecosystems on the continent (5, 6), 
will inevitably have cascading consequences 
for wildlife, food webs, and people. 

The project will occur within the legally 
protected critical habitat of the endangered 
Southern Resident killer whale. This ceta- 
cean relies on the port’s busy transboundary 
area to feed and raise its offspring, activi- 
ties that require individuals to hear and 
be heard. Both American and Canadian 
recovery plans for the species (7) identify 
the need for quieter waters, reduced con- 
taminant inputs, and increased access to 


the whale’s primary prey: Chinook salm 
Despite some threat reduction efforts, this 
whale is at high risk of extinction (8-17) 
under current—let alone worse—conditions. 

Although the plans have been condition- 
ally approved, construction cannot begin 
until a permit is issued that allows the 
destruction of critical habitat under the 
Species at Risk Act (3). If granted, Canada 
would betray commitments made at COP15 
and demonstrate to the world that the 
country is incapable of finding ways to bal- 
ance economic prosperity with biodiversity 
protection. Until governments can match 
words with actions, the unraveling of spe- 
cies and ecosystems will continue. 


Misty MacDuffee*, Lance Barrett-Lennard, Auston 
Chhor, Allison M. Dennert, Peter S. Ross, David C. 


Scott, Valeria Vergara, Kristen Walters 

Raincoast Conservation Foundation, Victoria, BC, 
Canada. 

*Corresponding author. Email: misty@raincoast.org 


REFERENCES AND NOTES 


1. “Kunming-Montreal Global biodiversity framework,” 
Conference of the Parties to the Convention on 
Biological Diversity (2022); https:/Avww.cbd.int/doc/c/ 
e6d3/cd1d/daf663719a03902a9b116c34/cop-15-|- 
25-en.pdf. 

2. D.Penner, “Port of Vancouver's Roberts Bank Terminal 2: 
6 things to know about the contentious $3.5B proposal,” 
The Vancouver Sun (2023). 

3. “Federal Review Panel report for the Roberts Bank 
Terminal 2 project” (Registry Reference 80054, Impact 
Assessment Agency of Canada, Ottawa, 2020); https:// 
iaac-aeic.gc.ca/050/documents/p80054/134506E. pdf. 

. L.J. Kehoe et al., Conserv. Sci. Pract. 3, e310 (2021). 

. C.D.Levings, in Fraser River Delta, British Columbia: 
Issues of an Urban Estuary, B. J. Groulx, D.C Mosher, J. L. 
Luternauer, D. E. Bilderback, Eds. (Geological Survey of 
Canada, issue 567, 2004), pp. 213-236. 

6. J.Gordon, M. Arbeider, D. Scott, S.M. Wilson, J. W. Moore, 
Estuaries Coasts 38, 2337 (2015). 
7. Fisheries and Oceans Canada, “Recovery strategy 
for the Northern and Southern Resident killer whales 
(Orcinus orca) in Canada,’ Species at Risk Act Recovery 
Strategy Series (2018). 
8. L.A.Vélez-Espino et al., Aquat. Conserv. Mar. Freshw. 
Ecosyst.25, 756 (2015). 
9. M.Kardos etal., Nat. Ecol. Evol.7,675 (2023). 
10. C.C.Murray etal., Biol. Conserv. 257, 109124 (2021). 
Il. R.C. Lacy etal., Sci. Rep.7, 14119 (2017). 


af 


COMPETING INTERESTS 


D.C.S. served as a paid expert witness for Ecojustice. He pro- 
vided an expert opinion on potential impacts of the proposed 
project on Chinook salmon as part of the environmental 
assessment process. 

10.1126/science.adi5984 


Border conservation in 
Hindu Kush-Himalaya 


The Hindu Kush-Himalaya region (HKH) 
is one of the most biodiverse places in the 
world. The area hosts four global biodi- 
versity hotspots (7) as well as 12 terrestrial 
and 5 freshwater Global 200 Ecoregions 
(2), yet multiple species are at risk of 
imminent extinction (3). Both physical 
barriers and policy differences across 
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international borders hinder conservation 
efforts. Protecting the region’s biodiversity 
will require multilateral cooperation. 

Fences and walls are in place to 
restrict illegal immigrants on the India- 
Bangladesh and Myanmar-Bangladesh 
borders, mitigate conflicts on the India- 
Pakistan border, prevent crime on the 
India-Myanmar border, and defend 
against terrorism on the Pakistan- 
Afghanistan border (4). During the pan- 
demic, a new line of fences was erected on 
the border between China and Myanmar 
to impede illegal immigrants and com- 
bat the spread of COVID-19 (5). These 
physical barriers cannot necessarily stop 
humans from crossing the borders (6), but 
they increase the risk of wildlife extinc- 
tions by increasing mortality; preventing 
animals from accessing food, water, and 
other resources; and dividing populations 
and habitats (7). 

International borders in HKH mark 
differences in national priorities, socioeco- 
nomic conditions, and conservation gover- 
nance. However, they rarely align with the 
edges of species’ ranges and often bisect 
terrestrial ecoregions (2). In addition, the 
ranges of terrestrial mammals and birds 
in HKH are increasingly likely to shift 
across international borders because of 
climate change (8). 

Maintaining HKH’s rich biodiversity 
will require an integrated plan on cross- 
boundary conservation and collaboration 
among countries, as advocated by interna- 
tional treaties such as the Convention on 
Biological Diversity and the Convention 
on the Conservation of Migratory Species 
of Wild Animals (9). To restore pathways 
for wildlife species, physical barriers along 
international borders should be removed 
or replaced with electronic monitor- 
ing devices. If physical barriers must be 
retained, they may not need to align with 
political borders; instead, they should 
be relocated to mitigate their impacts on 
wildlife populations (10). Political borders 
can be buffered by conservation areas 
such as peace parks to enhance the con- 
nectivity and coverage of biodiversity in 
protected areas (11). Nature-based tourism 
across international borders can enhance 
the engagement of local communities 
toward conservation (72). Sharing con- 
servation costs among countries through 
mechanisms such as payments for eco- 
system services can leverage conserva- 
tion to alleviate poverty and increase the 
well-being of local communities. National 
governments across HKH must involve 
all relevant parties, including nongovern- 
mental organizations, local stakeholders, 
and academic institutions, in the planning 
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PAST AS PROLOGUE 


A family’s pride in educated daughters 


The day | graduated from high school, | sat on the grass near my house contemplating my 
future. | lived in Pakistan’s small city of Attock, where low education levels, mobility chal- 
lenges, and gender norms limit women's involvement in the formal workforce. Although 
only 10% of the women in my community worked, and few pursued a university degree, | 
aspired to increase the opportunities available to other women by continuing my educa- 
tion. However, | hadn't yet discussed my ambitions with my family. Without their support, 


| would be forced to follow the traditional path: marriage, children, and domestic duties. 
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My father, who had spent time abroad, had shown that he valued my education by send- 
ing me to tuition academies and ensuring that | had all the necessary materials. My mother, 
a traditional housewife, also encouraged me. However, | was tasked with domestic chores, 
even during exams, that were not expected of my brothers. If | objected, my brothers would 


say that my education had made me rebellious. 


My father held the final authority in our household. Under his direction, my brothers 
would accompany me to school, ensuring that | could continue my education safely. But 
would his support extend to the pursuit of a higher degree? 

As | pondered, my father approached me. | shared that | had earned my degree. Thrilled, 
he ran through the house celebrating my achievement. Then, to my relief, he announced 
that he would take me to the local university to register for classes. But my brothers con- 
fronted him. They argued that | had received ample education to fulfill my role as a wife. 
They feared that further education would tarnish my obedience by enabling me to work 


and challenge injustices. 


My father refused to heed their warnings. Instead, he drove me to the college. | was wear- 
ing a traditional dress, covered from head to toe, with even my face concealed, so my father 
could not see my expression of joy and gratitude as he escorted me to the admission office. 

| went on to graduate, move to China, earn a PhD in applied mathematics, and secure 
a postdoc position. My achievements have brought pride to my parents and inspired my 
younger sister. Even my brothers have grown accustomed to my path; they offered much 
less resistance when my sister decided to pursue higher education. With every educated 
woman, a new chapter begins—one that empowers future generations and shapes a more 


inclusive, prosperous, and equitable society for all. 


Qura Tul Ain 


School of Mathematics, Guizhou University, Guiyang, China. Email: ainquratul@gzu.edu.cn 
10.1126/science.adi2884 


Call for Submissions Past as Prologue is an occasional feature highlighting the role of family history in the life of sci- 


entists. What role did your family background play in your decision to pursue science, your field, or your career? Submit 


your story to www.submit2science.org. 


The author poses with her 
parents on graduation day. 
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HYDROLOGY 
Farming and floods 


griculture affects surface- and.groundwater properties, 

including widespread groundwater depletion:in areas reli- 

ant on crop irrigation. Houspanossian et al. documented 

a large-scale occurrence of a very different phenomenon 

across the South American plains: increasing flooding 
associated with ongoing expansion of agriculture. Combining 
remotely sensed data and groundwater-monitoring stations, the 


authors showed that over about the past-20 years, agricultural 
areas were more likely to start experiencing floods as ground- 
water transitioned from deep to shallow states more responsive 
to large precipitation events. Data compiled from several field 
studies suggest that loss of deep-rooted native vegetation may 
play a role in thisjaydrological transition, which can affect entire 
regions. —BEL Science, add5462, this issue p. 1344 


Changes in land use and vegetation have led to increased flooding in the South American plains, such as this site near Firmat, Santa Fe, Argentina. 


CHROMATIN BIOPHYSICS 
Enhancer-promoter 
encounters 


A crucial step in gene regulation 
is the physical encounter of dis- 
persed enhancer-promoter pairs 
across the genome. However, 
how distal DNA elements find 
each other in the nuclear space 
remains unclear. Brickner et al. 
visualized the three-dimensional 
motion of pairs of DNA loci of 
varying separations along the 
chromosome and their transcrip- 
tional output in developing fly 
embryos. They found an unex- 
pected combination of dense 
packing and rapid diffusion, 
leading to encounter times with 
a weak dependence on genomic 
separation. These results imply 
that transcriptional contacts are 
possible across large genomic 
distances, with crucial implica- 
tions for gene regulation. —DJ 
Science, adf5568, this issue p. 1357 
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MARTIAN GEOLOGY 
Conditions for forming 
Mars’ gullies 


Some steep slopes on Mars 
have gullies with morpholo- 
gies suggesting that they were 
formed by a fluid. However, the 
planet's current climate is not 


conducive to the melting of 
water ice at those locations, 
and mechanisms involving car- 
bon dioxide ice do not explain 
the distribution of the gullies. 
Dickson et al. simulated how 
the climate of Mars differed 
when its axis tilted by different 
amounts over the past few 
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million years. At a tilt of 35 
degrees, the ice caps partially 
melted, raising the atmo- 
spheric pressure, and there 
were higher summer tempera- 
tures. Under these conditions, 
the atmospheric pressure at 
the gullies would be above the 
triple point of water, so it could 
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melt to form a liquid. —KTS 
Science, abk2464, this issue p. 1363 


QUANTUM SENSING 
Quantum enhanced 


metrology 


Taking advantage of the quan- 
tum mechanical properties of 
systems is expected to provide 
advantages over classical-based 
techniques. Li et a/. showed that 
the technique of quantum scram- 
bling, in which local information 
is rapidly distributed across 
different degrees of freedom of 
a quantum system, can provide 
an advantage for sensing and 
precision of metrological mea- 
surements. These experiments 
demonstrated the relationship 
between quantum metrology and 
quantum information scram- 
bling, and the approach could 
be applied to determine the 
properties and dynamics of other 
complex many-body quantum 
systems. —ISO 

Science, adg9500, this issue p. 1381 


CHIRAL MATERIALS 
Magnetically directing 
chiral assembly 


The assembly of particles into 
chiral superstructures is usually 
directed with chiral templates 
such as DNA, which bind the par- 
ticles, or by using lithographic 
methods. Li et al. showed that 
applying the chiral quadrupole 
field generated by permanent 
magnets to dispersed magnetic 
nanoparticles creates long- 
range chiral superstructures 
that adopt the field chirality. The 
tunability of the field enables 
control over the superstructure 
handedness, chirality, and pitch. 
Hybrid particles composed of 
gold nanorods and magnetite 
displayed tunable circular 
dichroism and optical rotary 
dispersion signals. —PDS 
Science, adg265/7, this issue p. 1384 


MOLECULAR INTERACTIONS 


Folding before binding 
Intrinsically disordered 
sequences have been 
known to acquire defined 
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three-dimensional folds 
upon engaging their tar- 
gets. Using state-of-the-art, 
solution-state nuclear 
magnetic resonance tech- 
niques, Madhurima et al. 
have revealed the presence 
of a sparsely populated state 
on the amino terminus of 
the transcriptional regulator 
CytR. Surprisingly, it is this 
conformationally excited 
state rather than the natively 
disordered ground state that 
appears to be compatible 
with DNA binding. Whether 
similar recognition events 
driven through the selection 
of prefolded binding-compat- 
ible states indeed represent 
a general phenomenon in 
disordered systems that was 
missed by previous analyses 
remains to be seen. —RG 
Sci. Adv. (2023) 
10.1126/sciadv.adh4591 


GENE THERAPY 
Through the cochlear 


aqueduct 
Although gene therapy can 
treat genetic hearing loss 
in neonatal mice, treating 
adult animals is more difficult 
because of the location of 
the cochleae and the risk of 
damage to inner ear struc- 
tures. Mathiesen et al. showed 
that the cochlear aqueduct 
connects the cerebrospinal 
fluid (CSF) and cochlear 
fluid in adult mice. Tracers 
injected into the CSF reached 
the mouse inner ear, and 
intracisternal injection of an 
adeno-associated virus car- 
rying the solute carrier family 
17 member 8 gene (S/c17A8) 
restored vesicular gluta- 
mate transporter-3 protein 
in the inner hair cells of the 
cochlea and rescued hearing 
in mice that lacked SIc17A8. 
These findings suggest that 
CSF administration of gene 
therapy through the cochlear 
aqueducts could eventually 
be a treatment for genetic 
deafness in adult patients. 
—MN 
Sci. Transl. Med. (2023) 
10.1126/scitransImed.abq3916 
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Release the tortoises! 


eestablishing large herbivores into their former habitats 
may help to restore trophic relationships and ecosystem 
functions. Galapagos giant tortoises were historically not 
only key herbivores, but also trampled vegetation and 
dispersed seeds. Tapia Aguilera and Gibbs documented 
the effects of reintroducing giant tortoises to Espafiola 
Island over a 15-year monitoring period. Tortoise reintroduc- 
tion decreased woody plants and increased grass cover at a 
landscape scale and enlarged open habitats for other species, 
such as the endemic Galapagos albatross, to use. The largest 
effect was on the recovery of tree cactus, an important spe- 
cies for many island animals. —BEL 


Conserv. Lett. (2023) 10.1111/conl.12968 


HOST DEFENSE 
Serotonin metabolite 
promotes fungus 


Cryptococcus neoformans is a 
fungal pathogen that can cause 
fatal opportunistic infections of 
the lung and brain (cryptococ- 
cosis). High levels of eosinophils, 
which are a hallmark of type 

2 responses that normally 
target helminths, also occur 
during cryptococcosis. De 
Giovanni et al. found in mice 
that a serotonin metabolite, 


5-hydroxyindoleacetic acid 
(5-HIAA), which is produced 
by platelets and mast cells, is 
recognized by the eosinophil 
chemokine receptor GPR35, 
which facilitates eosinophil 
recruitment into the lung. 
Knocking out GPR35 or 
elements of the serotonin-pro- 
cessing machinery resulted in 
milder pulmonary eosinophilia, 
increased type 1 helper T cells, 
and less disease. —STS 
Immunity (2023) 
10.1016/}.immuni.2023.05.006 
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SPATIAL OMICS 
RIBOmap charts 


translation 


A long-held goal of biological 
research is to measure protein 
translation with spatially 
resolved, single-cell resolution. 
Existing methods such as ribo- 
some profiling measure protein 
translation as an average of 
many cells and lack spatial 
resolution. Zeng et al. developed 
a highly multiplexed, ribosome- 
bound messenger RNA imaging 
technique called RIBOmap and 
applied it in single cells in situ to 
profile translation events with 
spatial coordinates (see the 
Perspective by Fan). Thousands 
of genes were simultaneously 
mapped in intact cells and 
tissues at molecular resolu- 
tion, revealing the regulatory 
principles that specify the loca- 
tion and efficiency of protein 
production for functionally 
relevant gene programs across 
different cell types and tissue 
regions. —DJ 

Science, add3067, this issue p. 1337; 

see also adi6844, p. 1321 


NEUTRINO ASTROPHYSICS 
Neutrinos from within the 
Milky Way 

Observations of high-energy 
astrophysical neutrinos 

have shown that they mostly 
originate from extragalactic 
sources such as active galaxies. 
However, gamma-ray observa- 
tions show bright emission from 
within the Milky Way Galaxy, and 
astrophysical gamma rays and 
neutrinos are expected to be 
produced by the same physi- 
cal processes. The IceCube 
Collaboration searched for neu- 
trino emission from within the 
Milky Way (see the Perspective 
by Fusco) and found evidence 
of extra neutrinos emitted along 
the plane of the Galaxy, which is 
consistent with the distribution 
of gamma-ray emission. These 
results imply that high-energy 
neutrinos can be generated by 
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nearby sources within the Milky 
Way. —KTS 
Science, adc9818, this issue p. 1338; 
see also adi6277, p. 1318 


MICROBIOLOGY 
Tripping up trypanosomes 


Treatments for diseases caused 
by trypanosomatid parasites, 
including Chagas disease and 
African sleeping sickness, 
remain a crucial unmet medi- 
cal need for millions of people 
globally. Rao et al. identified and 
characterized a cyanotriazole 
compound class that was able 
to kill trypanosomes by selec- 
tive inhibition of the parasite 
topoisomerase II enzyme (see 
the Perspective by Aphasizhev 
and Aphasizheva). Cryo—elec- 
tron microscopy revealed that 
cyanotriazoles poison the 
parasite topoisomerase, thereby 
causing irreversible and lethal 
DNA damage. This mechanism 
led to rapid clearance of para- 
sites both in vitro and in mouse 
models of Chagas disease and 
sleeping sickness. Cyanotriazole 
treatment has the potential to 
improve therapies for these 
neglected diseases. —SMH 
Science, adh0614 this issue p. 1349; 
see also adi5925, p. 1320 


GENOME EVOLUTION 
Mavericks ignore species 
boundaries 


Horizontal gene transfer occurs 
when DNA from one species is 
nonsexually integrated into the 
germline of another. In studying 
the nematode Caenorhabditis 
briggsae, Widen et al. identified 

a toxin-antidote system with 

an origin that can be traced 

back to an ancient virus-like 
transposon called Maverick. The 
authors elucidated the muta- 
tions responsible for the toxin’s 
action and identified a compli- 
cated pattern of horizontal gene 
transfer between deeply diverged 
nematode species. These trans- 
fers have resulted in the exchange 
of several genes, often in the 
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proximity of Mavericks, suggest- 
ing that these transposons may 
act as vectors for horizontal gene 
transfer in animals more broadly. 
—CNS 

Science, ade0705, this issue p. 1336 


2D MATERIALS 
Generating and trapping 
Rydberg excitons 


Rydberg states are excited states 
of atoms and molecules, the 
“inflated size" of which provides 
enhanced interactions that can 
be used in quantum simulators 
and sensor applications. Hu et 
al. showed that optically excited 
Rydberg excitons (excited 
Coulomb-bound electron-hole 
pairs) in monolayer tungsten 
diselenide could be confined and 
controlled using the narrow and 
sharp potential wells of a moiré 
lattice generated in an adjacent 
small-angle twisted bilayer 
graphene. The generation, trap- 
ping, and eventual controlled 
interactions between Rydberg 
excitons held in a moiré lattice 
would be useful for developing a 
solid-state platform for quantum 
simulation and sensing. — ISO 
Science, adh1506, this issue p. 1367 


GAMMA-RAY BURSTS 
Abright GRB observed at 
very high energy 


Long gamma-ray bursts (GRBs) 
are produced by the explosion 
of a high-mass star, which pro- 
duces a jet of material moving 
close to the speed of light. The 
LHAASO Collaboration observed 
the extremely bright GRB 
2210094 in very-high-energy 
(tera—electron volt) gamma 
rays. The GRB serendipitously 
occurred within the large field 
of view of their detector, so 
these data cover the rapid rise, 
peak emission, and gradually 
dimming afterglow. Modeling of 
the observations showed that 
the jet had an opening angle 

of less than one degree, which 
must have been pointed almost 


exactly toward Earth, explaining 
the unusual brightness of this 
GRB. —KTS 

Science, adg9328, this issue p. 1390 


SIGNAL TRANSDUCTION 
Kinases link metabolic 
state to cell death 


A critical phosphorylation event 
links the metabolic state of a 
cell with control of cell death 
and inflammation. Adenosine 
monophosphate—dependent 
protein kinase (AMPK) is a sen- 
sor of the nutrient status and 
energy state of the cell. Zhang 
et al. found that activated AMPK 
phosphorylates and inhibits 
receptor-interacting protein 
kinase 1 (RIPK1) in nutrient- 
deprived cells, thus inhibiting cell : 
death and inflammation (see the 
Perspective by Hardie). Under 
more prolonged nutrient stress, 
such inhibition was lost, allow- 
ing cell death to ensue. These 
results also confirm RIPK1's role 
in cell death caused by ischemia, 
thus implicating the AMPk- 
RIPK1 interaction as a potential 
therapeutic target. —LBR 
Science, abn1725, this issue p. 1372; 
see also adi6827, p. 1322 


FUNGAL INFECTION 
Activating immunity in 
rewilded mice 


Although mice are a valuable 
model organism for studying the 
immune system, laboratory mice 
kept in specific pathogen-free 
facilities lack the complex micro- 
bial exposure that humans have. 
Using “rewilded” laboratory 

mice exposed to a seminatural 
outdoor environment, Chen et 
al. found that fungal coloniza- 
tion induced a distinct program 
of granulopoiesis that could 

also be elicited by Candida 
albicans intestinal colonization. 
C. albicans—induced granu- 
lopoiesis was dependent on 
interleukin-6 receptor signaling 
and the hypha-associated factor 
candidalysin. Fungal colonization 
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led to sustained neutrophil 
expansion and protected against 
bloodborne bacterial infection 
with Staphylococcus aureus, 
highlighting the impact of 
environmental fungi on myeloid 
cell differentiation and innate 
immunity. —CO 
Sci. Immunol. (2023) 
10.1126/sciimmunol.add6910 


IMMUNOLOGY 
T cells develop 
survival skills 


Mouse thymocyte survival 
depends on the suppression of 
cell death by the inhibitor of kB 
kinase (IKK) complex, which 
phosphorylates and inactivates 
the cell death—promoting kinase 
receptor-interacting protein 
kinase 1 (RIPK1). Using lineage- 
specific, conditional knockout 
mice, Carty et al. investigated 
the role of IKK in the survival of 
mature naive T cells after they 
left the thymus. In addition to 
inhibiting RIPK1-dependent cell 
death, IKK also activated prosur- 
vival signaling, which depended 
on the transcription factor 
nuclear factor-«KB and one of its 
targets, the cytokine receptor 
interleukin-7R. —JFF 
Sci. Signal. (2023) 
10.1126/scisignal.abo4094 
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melt to form a liquid. —KTS 
Science, abk2464, this issue p. 1363 


QUANTUM SENSING 
Quantum enhanced 


metrology 


Taking advantage of the quan- 
tum mechanical properties of 
systems is expected to provide 
advantages over classical-based 
techniques. Li et a/. showed that 
the technique of quantum scram- 
bling, in which local information 
is rapidly distributed across 
different degrees of freedom of 
a quantum system, can provide 
an advantage for sensing and 
precision of metrological mea- 
surements. These experiments 
demonstrated the relationship 
between quantum metrology and 
quantum information scram- 
bling, and the approach could 
be applied to determine the 
properties and dynamics of other 
complex many-body quantum 
systems. —ISO 

Science, adg9500, this issue p. 1381 


CHIRAL MATERIALS 
Magnetically directing 
chiral assembly 


The assembly of particles into 
chiral superstructures is usually 
directed with chiral templates 
such as DNA, which bind the par- 
ticles, or by using lithographic 
methods. Li et al. showed that 
applying the chiral quadrupole 
field generated by permanent 
magnets to dispersed magnetic 
nanoparticles creates long- 
range chiral superstructures 
that adopt the field chirality. The 
tunability of the field enables 
control over the superstructure 
handedness, chirality, and pitch. 
Hybrid particles composed of 
gold nanorods and magnetite 
displayed tunable circular 
dichroism and optical rotary 
dispersion signals. —PDS 
Science, adg265/7, this issue p. 1384 


MOLECULAR INTERACTIONS 


Folding before binding 
Intrinsically disordered 
sequences have been 
known to acquire defined 


1334 


three-dimensional folds 
upon engaging their tar- 
gets. Using state-of-the-art, 
solution-state nuclear 
magnetic resonance tech- 
niques, Madhurima et al. 
have revealed the presence 
of a sparsely populated state 
on the amino terminus of 
the transcriptional regulator 
CytR. Surprisingly, it is this 
conformationally excited 
state rather than the natively 
disordered ground state that 
appears to be compatible 
with DNA binding. Whether 
similar recognition events 
driven through the selection 
of prefolded binding-compat- 
ible states indeed represent 
a general phenomenon in 
disordered systems that was 
missed by previous analyses 
remains to be seen. —RG 
Sci. Adv. (2023) 
10.1126/sciadv.adh4591 


GENE THERAPY 
Through the cochlear 


aqueduct 
Although gene therapy can 
treat genetic hearing loss 
in neonatal mice, treating 
adult animals is more difficult 
because of the location of 
the cochleae and the risk of 
damage to inner ear struc- 
tures. Mathiesen et al. showed 
that the cochlear aqueduct 
connects the cerebrospinal 
fluid (CSF) and cochlear 
fluid in adult mice. Tracers 
injected into the CSF reached 
the mouse inner ear, and 
intracisternal injection of an 
adeno-associated virus car- 
rying the solute carrier family 
17 member 8 gene (S/c17A8) 
restored vesicular gluta- 
mate transporter-3 protein 
in the inner hair cells of the 
cochlea and rescued hearing 
in mice that lacked SIc17A8. 
These findings suggest that 
CSF administration of gene 
therapy through the cochlear 
aqueducts could eventually 
be a treatment for genetic 
deafness in adult patients. 
—MN 
Sci. Transl. Med. (2023) 
10.1126/scitransImed.abq3916 


30 JUNE 2023 * VOL 380 ISSUE 6652 


IN OTHER JOURNALS 


TROPHIC REWILDING 


Edited by Caroline Ash 


and Jesse Smith 
‘ > 


Release the tortoises! 


eestablishing large herbivores into their former habitats 
may help to restore trophic relationships and ecosystem 
functions. Galapagos giant tortoises were historically not 
only key herbivores, but also trampled vegetation and 
dispersed seeds. Tapia Aguilera and Gibbs documented 
the effects of reintroducing giant tortoises to Espafiola 
Island over a 15-year monitoring period. Tortoise reintroduc- 
tion decreased woody plants and increased grass cover at a 
landscape scale and enlarged open habitats for other species, 
such as the endemic Galapagos albatross, to use. The largest 
effect was on the recovery of tree cactus, an important spe- 
cies for many island animals. —BEL 


Conserv. Lett. (2023) 10.1111/conl.12968 


HOST DEFENSE 
Serotonin metabolite 
promotes fungus 


Cryptococcus neoformans is a 
fungal pathogen that can cause 
fatal opportunistic infections of 
the lung and brain (cryptococ- 
cosis). High levels of eosinophils, 
which are a hallmark of type 

2 responses that normally 
target helminths, also occur 
during cryptococcosis. De 
Giovanni et al. found in mice 
that a serotonin metabolite, 


5-hydroxyindoleacetic acid 
(5-HIAA), which is produced 
by platelets and mast cells, is 
recognized by the eosinophil 
chemokine receptor GPR35, 
which facilitates eosinophil 
recruitment into the lung. 
Knocking out GPR35 or 
elements of the serotonin-pro- 
cessing machinery resulted in 
milder pulmonary eosinophilia, 
increased type 1 helper T cells, 
and less disease. —STS 
Immunity (2023) 
10.1016/}.immuni.2023.05.006 
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CANINE GENETICS 
DNA details matter in 
conservation 


One large source of pressure 

on wild populations is “genetic 
swamping” caused by hybridiza- 
ion with domesticated relatives. 
Cairns et al. used genome-wide 
genotyping arrays to assess 

he genetic diversity of 391 wild 
and captive dingoes across 
Australia. Previous studies using 
microsatellite assays estimated 
hat in some areas, hybrids 
were the norm. In contrast to 
hese past studies, genome- 
wide genotyping found that 
dingoes are distributed among 
five distinct populations across 
Australia and show limited 
admixture with domesticated 
dogs. —CNS 


Mol. Ecol. (2023) 
10.1111/mec.16998 


QUANTUM PHYSICS 
Scaling up a paradox 


One of the strangest conse- 
quences of quantum mechanics 
is that a measurement of one 
part of an entangled system can 
yield information about another, 
physically distant part. This 
so-called Einstein-Podolsky- 
Rosen (EPR) paradox has been 
experimentally observed in small 
systems, but it is unclear to what 
scale the paradox still holds. 
Colciaghi et al. demonstrated the 
EPR paradox on a Bose-Einstein 
condensate of several hundreds 
of rubidium atoms. The research- 
ers first entangled the atoms, 
then split the condensate into 
two physically separated parts. 
Measuring the collective spin 
components of the two halves 
revealed correlations between 
them that were indicative of the 
EPR paradox. —JS 
Phys. Rev. X (2023) 
10.1103/PhysRevX.13.021031 


EPILEPSY 

Decoding behaviors 

in epilepsy 

Epilepsy is a neurological 
disorder that, in addition to 


electrophysiological abnormali- 
ties, can also have a behavioral 
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component, such as changes 
in movements. Rodent models 
of epilepsy are used to develop 
effective therapies. Recent 
developments allow recording 
of brain activity at single-cell 
resolution; however, behavioral 
analysis still mostly relies on 
subjective and often imprecise 
analysis. Gschwind et al. devel- 
oped a machine learning—based 
video analysis that is able 

to detect distinct behavioral 
phenotypes in mice at sub- 
second resolution (which they 
called “syllables”) that are not 
detectable by eye. The method 
sensitively detected responses 
to anti-epileptic drugs and 

was able to uncover previously 
unknown sex-specific behaviors 


AIR POLLUTION 
Losing visibility 


in genetic epilepsy. This type of 
analysis could accelerate drug 
development by allowing fast 
and unbiased testing. -MMa 
Neuron (2023) 
10.1016/j.neuron.2023.02.003 


OPTICAL TWEEZING 
A merging route to 


making molecules 


The ability to trap and cool 
atoms and molecules in single 
optical trap, or a lattice of 
traps, provides a powerful 
platform for quantum sens- 
ing technologies, as well as for 
testing fundamental concepts 
in physics and chemistry. 
Although certain atoms have 


been coaxed to pair up and 
form molecules by applying a 
magnetic field, not all atoms 
have this magnetic property, 
which limits the number of 
molecular species that can be 
formed. Ruttley et al. showed 
that individual rubidium and 
cesium atoms trapped in sepa- 
rate optical traps could form 
molecules as the traps were 
merged. The authors were also 
able to confirm the molecule 
formation, establishing its 
state and binding energy. This 
so-called “mergoassociation” 
approach should provide a gen- 
eral route to forming various 
molecular species. —ISO 

Phys. Rev. Lett. (2023) 


10.1103/PhysRevLett.130.223401 . 


orthern India frequently experiences extreme smog in late autumn and winter, a situation 
that has worsened in recent decades. Is this trend caused by more than just increasing 


amounts of anthropogenic air pollution or is the problem more complex? Gautam et al. 

present 40 years of satellite data showing that greater lower tropospheric stability and an 

increase in relative humidity have driven a more than fivefold increase in low-visibility days 
over that period. A better understanding of this important aerosol-radiation-meteorological feed- 
back should aid in the development of better pollution mitigation strategies. —HJS 


Geophys. Res. Lett. (2023) 10.1029/2023GL103105 


Greater lower tropospheric stability and an increase in relative humidity have dramatically increased the frequency 
of low visibility days in Northern India over the past four decades. 
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SPATIAL OMICS 


Spatially resolved single-cell translatomics 


at molecular resolution 


Hu Zeng{, Jiahao Huang}, Jingyi Rent, Connie Kangni Wang, Zefang Tang, Haowen Zhou, 
Yiming Zhou, Hailing Shi, Abhishek Aditham, Xin Sui, Hongyu Chen, Jennifer A. Lo, Xiao Wang* 


INTRODUCTION: Cellular proteins are the final 
products of gene expression that execute cel- 
lular functions. To understand translational 
gene regulation, it is crucial to measure protein 
synthesis at single-cell and spatial resolution. 
Current ribosome profiling methods achieve 
transcriptome-wide translational analysis but 
lack spatial context. By contrast, imaging-based 
methods preserve spatial information but are 
not multiplexed. A scalable method for single- 
cell and spatially resolved profiling of protein 
synthesis is still needed. 


RATIONALE: We introduce ribosome-bound 
mRNA mapping (RIBOmap), a highly multi- 
plexed method for spatial charting of protein 
synthesis at single-cell and subcellular resolu- 
tion. RIBOmap employs a targeted-sequencing 
strategy that selectively detects ribosome-bound 
mRNAs through a specific design of tri-probes. 
The tri-probe set consists of a splint DNA 
probe hybridized to ribosomal RNA and a pair 


RIBOmap for spatial trans- 
latomics imaging. RIBOmap 
is a three-dimensional (3D) 
in situ profiling technology 
designed to selectively mea- 
sure ribosome-bound mRNAs, 
providing spatially resolved 
single-cell translatome analysis 
at molecular resolution. In cell 
culture, RIBOmap uncovers 
cell-cycle-dependent and sub- 
cellular localized translation. 
When applied to intact mouse 
brain tissue, RIBOmap gener- 


—NZ 


Bb 


oN 
\\ ae 


DL, Ribosome-bound mRNA 


of padlock and primer probes hybridized to 
mRNAs, which together produce DNA ampli- 
cons with gene-unique barcodes through in 
situ amplification. These DNA amplicons are 
then embedded in a polyacrylamide hydrogel 
matrix and the gene-unique barcodes are read 
out through in situ sequencing. We validated 
the specificity of RIBOmap through the use of 
noncoding RNAs, translation inhibitor, in vitro 
transcribed mRNAs, and comparison with 
established ribosome profiling technology. 


RESULTS: We applied RIBOmap to HeLa cells 
for a 981-gene multiplexed experiment and 
designed a multimodal RIBOmap imaging 
experiment to capture the cell-cycle phase and 
subcellular organelles. The results revealed cell- 
cycle-dependent translation and subcellular 
localized mRNA translation in HeLa cells. We 
further applied RIBOmap to intact mouse brain 
tissue, measuring the translation of 5413 genes 
simultaneously. Leveraging the single-cell and 


spatial resolutions of RIBOmap, we gener oot 
a single-cell spatial map of the mouse brait..—, 

comparing the spatial translatomics generated 
by RIBOmap with spatial transcriptomics, we 
uncovered cell type-specific and brain region- 


specific translational regulation. 


CONCLUSION: RIBOmap presents a new spa- 
tially resolved single-cell translatomics technol- 
ogy, accelerating our understanding of protein 
synthesis in the context of subcellular architec- 
ture, cell types, and tissue anatomy. The pair- 
wise spatial translatomic and transcriptomic 
mapping enabled us to systematically identify 
cell type- and tissue-region-specific translational 
regulation, paving the way for uncovering novel 
posttranscriptional gene regulation princi- 
ples and mechanisms that shape the proteome 
for cellular and tissue functions. RIBOmap by- 
passes complicated polysome isolation steps 
and genetic manipulation, making it promis- 
ing for studies in post hoc human tissue and 
disease samples. We anticipate that integrating 
RIBOmap with other imaging-based measure- 
ments will enable spatial multiomics mapping 
for a comprehensive understanding of biolog- 
ical systems. 


The list of author affiliations is available in the full article. 
*Corresponding author. Email: xwangx@mit.edu ‘ 
tThese authors contributed equally to this work. 

Cite this article as H. Zeng et al., Science 380, eadd3067 
(2023). DOI: 10.1126/science.add3067 


S READ THE FULL ARTICLE AT 
https://doi.org/10.1126/science.add3067 


RIBOmap detects ribosome-bound mRNAs in single cells in situ 
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and tissue region-specific 
translational regulation. 


Zeng et al., Science 380, 1337 (2023) 


30 June 2023 


Cell-cycle-dependent translation 
—_——— 


: i 
mAG 


Localized translation Tissue anatomy 


@Gl 
@Gl/s 
@G2/M 


Intensity 


Cell-type-specific translation Region-specific translation 


RESEARCH 


RESEARCH ARTICLE 


SPATIAL OMICS 


Spatially resolved single-cell translatomics 


at molecular resolution 


Hu Zeng*+, Jiahao Huang**+, Jingyi Ren**+, Connie Kangni Wang’, Zefang Tang’*, Haowen Zhou“, 
Yiming Zhou"??, Hailing Shi??, Abhishek Aditham@“, Xin Sui?, Hongyu Chen*”, 


Jennifer A. Lo”, Xiao Wang??* 


The precise control of messenger RNA (mRNA) translation is a crucial step in posttranscriptional 
gene regulation of cellular physiology. However, it remains a challenge to systematically study mRNA 
translation at the transcriptomic scale with spatial and single-cell resolution. Here, we report the 
development of ribosome-bound mRNA mapping (RIBOmap), a highly multiplexed three-dimensional in 
situ profiling method to detect cellular translatome. RIBOmap profiling of 981 genes in HeLa 

cells revealed cell cycle—-dependent translational control and colocalized translation of functional 
gene modules. We mapped 5413 genes in mouse brain tissues, yielding spatially resolved single-cell 
translatomic profiles for 119,173 cells and revealing cell type-specific and brain region-specific 
translational regulation, including translation remodeling during oligodendrocyte maturation. 

Our method detected widespread patterns of localized translation in neuronal and glial cells in 


intact brain tissue networks. 


easuring genome-wide protein synthe- 

sis patterns with single-cell and spa- 

tial resolution can help us understand 

translational regulation in heteroge- 

neous cell types and states. Although 
large-scale single-cell and spatially resolved 
proteome profiling remains challenging (J), 
past research has focused on mapping mRNA 
levels to infer the corresponding protein abun- 
dances in single cells. However, numerous studies 
have revealed poor correlation between mRNA 
and protein levels (2-5), as gene regulation is 
achieved at both transcriptional and transla- 
tional levels. Moreover, many genes undergo 
signal-dependent and subcellular-localized 
translation (6). Therefore, we need scalable 
single-cell and spatially resolved profiling of 
protein synthesis for a comprehensive under- 
standing of gene expression and translational 
regulation. 

Existing bulk and single-cell ribosome pro- 
filing methods have enabled us to analyze pro- 
tein translation at the transcriptome scale (7-12) 
but cannot preserve spatial information. Cur- 
rent imaging-based methods that can trace 
mRNA translation with their physical coordi- 
nates (13-19) are limited to low gene through- 
put. Therefore, it remains challenging to achieve 
highly multiplexed spatial ribosome profiling 
in single cells with subcellular resolution. To 
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fill this gap, we developed a three-dimensional 
(3D) in situ ribosome-bound mRNA mapping 
method (RIBOmap) for highly multiplexed char- 
acterization of protein synthesis with single- 
cell and subcellular resolutions. 


RIBOmap design and validation 


RIBOmap is built upon a targeted-sequencing 
strategy in which a specific design of tri-probes 
selectively detects and amplifies ribosome- 
bound mRNAs (Fig. 1A and fig. SIA). The 
RIBOmap tri-probe set includes: (i) a splint 
DNA probe that hybridizes to ribosomal RNAs 
(tRNAs) and serves as the splint to circularize 
the adjacent padlock probe; (ii) a padlock 
probe that targets specific mRNA species of 
interest and encodes a gene-unique barcode; 
(iii) a primer probe that targets the mRNA 
site adjacent to the one targeted by the pad- 
lock probe and serves as the primer for rolling 
circle amplification resulting in a DNA nano- 
ball (amplicon). DNA amplicon signals are only 
produced when all three probes are present 
in proximity (Fig. 1, B and C). The gene-unique 
barcodes in the DNA amplicons are then de- 
coded through in situ sequencing with error- 
reduction by dynamic annealing and ligation 
(Fig. 1A) (20). We also tested an alternative 
RIBOmap workflow that uses primary anti- 
bodies of ribosomal proteins (RPS3, RPL4) 
and splint-conjugated protein A/G to target 
ribosomes, which demonstrated a much lower 
signal-to-noise ratio (SNR) than that of the 
rRNA targeting strategy (fig. S1, B to G). Thus, 
we proceeded with the rRNA targeting strat- 
egy in the following studies. 

To confirm that RIBOmap specifically tar- 
gets ribosome-bound mRNAs, we designed 
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four experiments. First, RIBOmap and pre- 
viously reported STARmap RNA imaging (20) 
were used to detect protein-encoding ACTB 
mRNA and two negative controls of noncod- 
ing RNAs (Fig. 2A and table S1). As expected, 
RIBOmap only detected cytoplasmic ACTB 
mRNAs whereas STARmap detected both 
ACTB mRNA and the noncoding RNAs (Fig. 2, 
B and C and fig. $2). Second, RIBOmap spe- 
cificity was validated using Harringtonine, 
a translation inhibitor that traps translation- 
initiating ribosomes at the start codon (27) 
(Fig. 2D). After Harringtonine treatment, there 
was a significant decrease in RIBOmap signal 
intensity using probes targeting 115 or 405 nu- 
celotides (nt) downstream of the start codon, 
whereas there was minimal decrease in the 
signal generated by the probe targeting the 
-16 nt from the start codon (Fig. 2, E to G). 
Third, we used synthetic in vitro transcribed 
(IVT) mRNAs and lipid-mediated transfec- , 
tion (Fig. 2H). Our data demonstrated that 
STARmap could detect both small puncta cor- 
responding to free cytosolic mRNAs and larger 
intracellular granules corresponding to lipid 
transfection vesicles containing many copies of 
nontranslating mRNAs, whereas RIBOmap 
signals were depleted in lipid transfection vesi- 
cles (Fig. 2, I and J), indicating that RIBOmap 
does not detect nontranslating mRNAs. Fi- 
nally, we validated RIBOmap by comparing 
it with RiboLace, an established ribosome pro- 
filing technology (22). RIBOmap successfully 
detected differentially translated mRNAs in 
starved versus control human MCEF7 cells, 
which is consistent with the reported RiboLace 
and proteomics measurements (22) (fig. S3). 
Together, these results demonstrate the spe- 
cificity of RIBOmap in detecting ribosome- 
bound mRNAs. 


Multiplexed RIBOmap in cultured cells 


After benchmarking the SNR and specificity 
of RIBOmap, we performed a highly multi- 
plexed 981-gene RIBOmap experiment in HeLa 
cells (Fig. 3A). The 981 genes represent a curated 
list composed of cell-cycle gene markers, genes 
with diverse subcellular RNA patterns, and 
genes of varying RNA stabilities (23-26) (table 
$2). We designed a multimodal RIBOmap im- 
aging experiment that further incorporated 
the information on cell-cycle stages and sub- 
cellular organelles: (i) the cell-cycle phase 
of each cell was captured by the fluorescent 
ubiquitination-based cell cycle indicators (FUCCIT) 
(27, 28); (ii) ribosome-bound mRNAs (981 genes) 
were in situ sequenced; (iii) finally, nuclei, en- 
doplasmic reticulum, and cell shapes were 
stained and imaged (Fig. 3B). We also con- 
ducted a paired STARmap experiment for 
comparison (Fig. 3A). In total, RIBOmap and 
STARmap sequenced 1813 and 1757 cells, re- 
spectively (fig. S4A). The median distance be- 
tween each read and its nearest neighbor in 
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Fig. 1. RIBOmap for in situ profiling of mRNA translation at subcellular resolu- 
tion. (A) Schematic of RIBOmap. After the sample is prepared, a paired barcoded 
padlock probe and primer probe are hybridized to a targeted intracellular RNA, 
and the splint probe is hybridized to 18S rRNA of ribosomes. The splint probe is used 
as a template for the proximity ligation to circularize the padlock probe. The 
intact padlock probe can then be amplified to generate amine-modified DNA 
amplicons in situ. Next, these DNA amplicons are copolymerized into hydrogel 
through tissue-hydrogel chemistry for in situ sequencing. The gene-unique barcode 


3D was 0.69 um for RIBOmap and 0.61 um for 
STARmap (fig. $4, B and C), indicating that 
both techniques have high spatial resolution. 
To assess the reliability of RIBOmap in multi- 
plexed experiments, we calculated the corre- 
lation between the RIBOmap results for 981 
genes with published HeLa proteome and 
ribosome profiling datasets (26, 29, 30). The 
results showed that the correlation between 
RIBOmap and the proteome dataset is com- 
parable to that between the ribosome profiling 
dataset and the proteome dataset (fig. S4D). 
Additionally, the correlation between RIBO- 
map and the two ribosome profiling datasets 
is comparable to the correlation between the 
two ribosome profiling datasets (fig. S4E). 
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Next, we evaluated whether RIBOmap can 
decipher cell cycle-dependent mRNA transla- 
tion. The results showed that the G1, G1/S, and 
G2/M cell cycle phases identified from both 
RIBOmap and STARmap datasets agreed with 
the expected cell cycle-dependent patterns of 
FUCCI protein fluorescence (Fig. 3C and fig. 
$5), demonstrating the accuracy of RIBOmap 
in delineating cell states. We then identified 
the differentially expressed genes (DEGs) across 
cell cycle phases using RIBOmap and STARmap 
data (fig. S6, A and B, and table S3). Most of the 
RIBOmap DEGs overlapped with known cell 
cycle-dependent genes (37) (fig. S6C). We also 
identified DEGs detected in RIBOmap but not 


sequence (red) in the cDNA amplicons can then be read out through cyclic in situ 
sequencing. (B) Tri-probe strategy. (Left) Fluorescent images of tri-probe condition 
show the RIBOmap signal of ACTB mRNA in HeLa cells. (Middle) Fluorescent 
images of negative control samples without the primer or splint probe show minimum 
DNA amplicon signal. (Right) Fluorescent images of the control sample using a splint 


ridization sequence show minimal DNA amplicon signal. 


(C) Quantification of the DNA amplicon signal intensity shown in (B). Error bars, 


ages per condition. Student's t-test, **P < 0.01. 


(nucleolar protein 6), whose translation was 
significantly decreased from the G1 phase to 
the G2/M phase as detected by both RIBOmap 
and ribosome profiling (32), but whose overall 
RNA level showed little change across cell cycle 
phases as detected by STARmap and RNA-seq 
(fig. S6, E to G). 

Next, to leverage the single-cell resolution in 
our dataset, we performed gene-expression co- 
variation analysis and identified five coregulated 
translation modules (RTMs) with substantial 
intramodule correlation, each with enrichment 
of distinct functional pathways (RTMs 1 to 5, 
Fig. 3D, fig. S7, A to E, and table S4). RTM 3 
and RTM 5 are enriched for G2/M and G1/S 


in STARmap (fig. S6D). One example is NOL6 
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cell cycle marker genes, respectively (Fig. 3D, 


2 of 10 


RESEARCH | RESEARCH ARTICLE 


mRNA (ACTB) B ACTB MALAT1 vtRNA1-1 __ Cc Normalized RIBOmap signal 
0.4-7 rrad 
S Se Oe = 
STARmap ‘@ 0.34 ae 
Non-coding RNA (MALAT7 and vtRNA1-1) 2 2 
ia 
—___ 8< 027 
=O 
£2 
STARmap RIBOmap a8 01- 
x 
. RIBOmap £ 
RNA Ribosome- 8 o0- = 
bound RNA areas 
MAN AN 
Ww wy we 
we 
@ DNA amplicon DAPI 
D F Probe 2 Probe 3 G Normalized RIBOmap signal 
on S = 2 Be 1.0 
codon Harringtonine treatment spans 8 OF 
9 treatment 8 
>_— ---(A), 2 06 
#3 
2s 
Cc 
=2£ 04 
£2 
E Probe 1 Probe 2. Probe 3 a8 
{ ] A Harringtonine wy (02 
» —---A), treatment E 
| = 0.0 
Start 
codon 


@ DNA amplicon DAPI 


Firefly mRNA STARmap Renilla MRNA STARmap 
| Lipofectamine transfection 
hd 
“es PR 
~ on Ribosome-bound 
transfected MRNA 
aed 
ww 
Non-translating 
transfected MRNA 
—~_ Lipofectamine Firefly mRNA RIBOmap Renilla MRNA STARmap 
vesicle os 
— "ee 
Signal in No signal in 
ipofectamine vesicles lipofectamine vesicles 
Fig. 2. RIBOmap specificity validation. (A) Schematic of RIBOmap signal in HeLa cells before and after Harringtonine treatment. (G) Quantification of the 


verification by targeting mRNA (ACTB) and noncoding RNA (MALAT 1 and 
vtRNAI-1). (B) Fluorescent images show RNA detection results by STARmap and 
ranslating RNA detection results by RIBOmap. (C) Quantification of the DNA 
amplicon signal intensity shown in (B). Error bars, standard deviation. n = 5 
images per condition. Student's t-test, ****P < 0.0001. (D) Schematic of 
translational regulation by Harringtonine. (E) Three pairs of padlock and primer 
probes targeting different sites of ACTB mRNA. (F) Fluorescent images show the 
RIBOmap signal of 3 sets of probes targeted to different regions of ACTB mRNA 


RIBOmap signal intensity shown in (F). Error bars, standard deviation. n = 3 
images per condition. Student's t-test, **P < 0.01. (H) Schematic representation 
of RIBOmap signal verification using transfected IVT mRNAs. (I) Fluorescent 
images show RNA detection of transfected Firefly mRNA and Renilla mRNA by 
STARmap. The lipofectamine vesicles are labeled by red arrows. (J) Fluorescent 
images show RNA detection results of transfected Renilla mRNA by STARmap 
and translating RNA detection of transfected Firefly mRNA by RIBOmap. The 
ipofectamine vesicles are labeled as in (I). 


right), and are negatively correlated (fig. S7F). 
Moreover, RTM 2 contains genes encoding 
protein translation machineries (fig. S7D); 
these genes show a positive correlation with 
RTM 5 (G1/S marker genes) and a negative 
correlation with RTM 3 (G2/M marker genes) 
(fig. S7G). This observation suggests that the 
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protein translation machinery is up-regulated 
in the G1/S phase to support the demand for 
protein products as cells enlarge and subcel- 
lular organelles are replicated. 

Subcellular localized translation has impli- 
cations for signal transduction and proteome 
organization (6). Using RIBOmap results, we 
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identified five colocalized translation modules 
(LTMs) with highly correlated subcellular spa- 
tial organizations and distinct functional en- 
richment (LTMs 1 to 5, Fig. 3, E to G, fig. S8, A 
to C, and table $4). Among them, LTMs 2, 4, 
and 5 are enriched with a membrane protein 
and secretion pathway (Fig. 3, F and G and 
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Fig. 3. RIBOmap simultaneously measures the subcellular translation of 
981 genes in human HeLa cells. (A) Schematic of RIBOmap detection in 

HeLa FUCCI cells to measure localized mRNA translation. (B) Representative 
images showing the sequential mapping of FUCCI fluorescence si 
amplicons, and organelle staining in the same HeLa cell sample. (Left) the FUCCI 
cell fluorescence imaging results for RIBOmap (upper) and STAR 
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(Middle) Representative images showing the maximum intensity 


(MAX) of the first sequencing cycle with zoom-in views of a representative cell 
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(Right) magnified view of organelle staining of a representative ce 
map embeddings of cell-cycle stage clusters determined using the single-cell 
expression profile for STARmap (upper left) and RIBOmap (upper right) 
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measurements along with corresponding protein fluorescence profiles of the 
FUCCI cell-cycle markers (STARmap, bottom left; RIBOmap, bottom right). 

(D) Single-cell translatome covariation matrix showing the pairwise Pearson's 
correlation coefficients of the cell-to-cell variation, shown together with their 
averaged expression levels. Five strongly correlating blocks of coregulated 
translation modules (RTMs) are indicated by the gray boxes in the matrix, with 
RTMs 3 and 5 enlarged on the right. Cell cycle markers are highlighted in 

€ pairwise colocalization P-values describing 
the degree to which the reads of two genes tend to coexist in a sphere of a 
3-um radius in the same cell in RIBOmap results (left) and STARmap results 
(right), shown together with hierarchical clustering of these genes. The 
STARmap matrix uses the same order of genes as the RIBOmap matrix. Five 
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strongly correlating blocks of colocalized translation modules (LTMs) are 
indicated by the gray boxes in the matrix. (F) Bar plots visualizing the most 
significantly enriched gene ontology (GO) terms (maximum 3) in each of 

the five LTMs. (G) Enlarged gene matrix of LTMs 3 and 4. (H) A representative 
cell image showing the spatial distribution of RIBOmap signals of LTMs 3 


fig. S8 A and B) and physically colocalize with 
ER staining (Fig. 3, H and I and fig. $8, D to F), 
suggesting they are ER-translated genes. In- 
deed, 62.2 and 94.6% of LTM4 genes over- 
lapped with the proximity ribosome profiling 
dataset (8) and APEX-RIP dataset (33), respec- 
tively (Fig. 3J, fig. S8D, and table S4), suggest- 
ing the accuracy of RIBOmap for subcellular 
spatial analysis. By contrast, LTMs 1 and 3 
are enriched for genes encoding large protein 
complexes of the mitotic spindle and trans- 
lation machinery, respectively (Fig. 3, F and G, 
and fig. S8, A and C). This observation sug- 
gests that the subunits of large protein com- 
plexes may be synthesized in spatial proximity 
for efficient assembly. Finally, we explored 
whether coregulated genes tend to be colo- 
calized for translation and found that the five 
RTMs also show strong subcellular colocaliza- 
tion (fig. S8G). These results may imply that 
functionally related gene groups can be coreg- 
ulated through subcellular colocalized trans- 
lation, possibly through shared regulatory RNA 
elements or protein-protein interactions be- 
tween nascent proteins. 


RIBOmap in intact mouse brain tissue 


We then applied RIBOmap to mouse brain 
slices to reveal single-cell translatome profiles 
in intact tissues. We mapped a targeted gene 
list of 5413 genes (table S5) curated from pre- 
viously published single-cell sequencing studies 
of mouse cell atlas (34-40). We imaged two 
biological replicates of the mouse hemisphere 
coronal sections (60,481 cells for Repl and 
58,692 cells for Rep2) containing multiple brain 
regions (Fig. 4, A and B). We benchmarked 
tissue RIBOmap data by comparing the spatial 
translation pattern of well-known cell-type 
marker genes and neurotransmitter genes with 
corresponding in situ hybridization (ISH) im- 
ages from the Allen Brain database (41) (Fig. 
4C and fig. S9), where the comparison showed 
consistent spatial patterns. The data quality of 
RIBOmap is comparable to previous STARmap 
PLUS data (42) (fig. S10A). Notably, we observed 
a high correlation (Pearson r = 0.95) between 
the two RIBOmap replicates (fig. SIOB), validat- 
ing the reproducibility of RIBOmap. 
Encouraged by the benchmarking results, 
we then adopted a hierarchical clustering strat- 
egy (20, 36) to identify cell types (fig. S10, C to 
E), resulting in 11 major cell types and 38 sub- 
types (Fig. 4, D and E, fig. S10, C to E, and fig. 
S11). The cross-reference analyses revealed 
good correspondence between RIBOmap cell 
clusters and published regional scRNA-seq 
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identified by APEX-RIP. 


results of cell types (35) (fig. SIOD). Based on 
these cell typing results, we generated spa- 
tial cell maps from the imaged hemibrain 
region (Fig. 4, F and G and fig. S12). This spa- 
tial cell-type map is consistent with previous 
reports (36), demonstrating the potential of 
RIBOmap single-cell translatomics to compre- 
hensively identify diverse brain cell types and 
regions. 


Cell type-specific and brain 
region-specific translational regulation 
in mouse brain 


To compare the RIBOmap results with spa- 
tial transcriptomics, we conducted pairwise 
STARmap on a brain slice adjacent to RIBOmap 
sample followed by data integration for joint 
analyses (Fig. 5A). We observed consistent 
cell typing results between the two methods 
with respect to gene expression, cell-type com- 
position, and spatial distribution of cell types 
(Fig. 5A and fig. S13). We also performed im- 
munostaining of NeuN and GFAP proteins 
during RIBOmap and STARmap sample prep- 
aration and observed clear enrichment of NeuN 
protein signal in neurons and GFAP protein 
signal in astrocytes, respectively, in both sam- 
ples (fig. S14), further supporting the accuracy 
of the cell typing results. 

Leveraging the single-cell and spatial reso- 
lution of paired RIBOmap and STARmap data, 
we analyzed the heterogeneity of translational 
regulation across cell types and brain regions. 
We determined the reads correlation of 5413 
genes between the two datasets for individual 
cell types or tissue regions (Fig. 5, B and C). 
Lower correlation scores indicate a greater 
degree of translational regulation, resulting in 
disparities between the translatome and the 
transcriptome. We found that non-neuronal 
cell types, especially oligodendrocytes, have 
lower correlation scores between translatome 
and transcriptome than neuronal cell types 
(Fig. 5B). Correspondingly, fiber tracts, the 
brain region where oligodendrocytes are en- 
riched, had the lowest correlation (Pearson r = 
0.58) between the translatome and transcrip- 
tome among the eight brain regions (Fig. 5C). 
This suggests a previously undercharacterized 
level of translational regulation in glial cells, 
particularly in oligodendrocytes. 

To further pinpoint translationally regulated 
genes across various cell types, we performed 
gene clustering using major cell-type-resolved 
RIBOmap and STARmap profiles and identi- 
fied 15 gene modules with distinct gene func- 
tions and expression patterns (fig. $15, A and 
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and 4 genes, overlaid on the ER and cell boundary. (I) Quantification of the 
ER-localized percentage of genes of LTMs 3 and 4 versus all the detected 
genes. Wilcoxon signed-rank test, ****P < 0.0001. (J) The overlap percentage 
of LTM3 genes, LTM4 genes, and all 981 genes with ER-proximal RNAs 


B, and table S6). Given that the oligodendro- 
cyte lineage showed the lowest correlation 
between translatome and transcriptome among 
major cell types (Fig. 5C), we focused on gene 
modules that were highly expressed in oligo- 
dendrocyte lineage cells (240 genes; fig. SI5A 
and table S6). Pseudotime trajectory analysis 
revealed the differentiation path of the oligo- 
dendrocyte lineage in our datasets (40), from 
oligodendrocyte precursor cells (OPC) to oligo- 
dendrocyte subtype 1 (OLG1), then to oligo- 
dendrocyte subtype 2 (OLG2) (Fig. 5, D and E). 
This is supported by the increased expression 
gradients of genes involved in myelination , 
(Plp1 and Mbp) along oligodendrocyte matu- 
ration (Fig. 5F) (43), and by the spatial enrich- 
ment of the more mature OLG2 in fiber tracts 
for myelination-based axon ensheathment (Fig. 
5, Gand H). To correlate translational regulation 
with oligodendrocyte subtypes and maturation, 
we further clustered oligodendrocyte-related 
gene modules using their subtype-resolved 
translatome and transcriptome profiles in the 
oligodendrocyte lineage (Fig. 51, and table S6). 
We detected three gene modules: Module 1 and 
Module 2 have consistent patterns between 
RIBOmap and STARmap with the highest signals 
in OPC and OLG2 for most genes, respectively, 
whereas Module 3 has the highest RIBOmap 
signal in OLG2 but the highest STARmap signal 
in OLGI for most genes (Fig. 51). This obser- 
vation suggested strong translational regulation 
for genes in Module 3. We further calculated 
the relative translation efficiency (RTE) for 
each gene using their ratio of RIBOmap and 
STARmap signals and found that genes in 
Module 3 had higher RTE in OLG2 than OLG1 
and OPC (Fig. 51). GO analysis revealed that 
Module 3 genes are involved in myelin sheath 
(i.e., Cldnil and Tspan2) (Fig. 5, J and K). Spa- 
tial analysis of Module 3 RTE patterns and 
representative genes across brain regions also 
showed the highest RTE value in the fiber 
tracts, where OLG2 is enriched (Fig. 5, L to O, 
and fig. S16A). We experimentally verified one 
example gene C/dni1 and found that Claudin 11 
(the protein product of Cldn17) immunostaining 
correlated better with Cldn11 RIBOmap signal 
than STARmap signal, validating the accuracy 
of the spatial translatomic pattern we observed 
(fig. S16, B to E). Overall, through the integra- 
tive analysis of RIBOmap and STARmap results 
in the mouse brain, we identified gene modules 
that are translationally regulated during the 
maturation of oligodendrocyte lineage cells 
across different brain regions. The enhanced 
translation efficiency of Module 3 genes in OLG2 
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Fig. 4. Spatially single-cell A 
translatomic profiling 

of 5413 genes in the mouse 

brain. (A) Diagram of the ¢ 
imaged mouse coronal hemi- 

brain region (red box) for 

RIBOmap. (B) Representative 
images showing the measure- C 
ments of localized translation of 
5413 genes by RIBOmap in a 
mouse coronal hemibrain slice. 
(Left) Maximum intensity 
(MAX) projection of the first 
sequencing round, showing all 
five channels simultaneously. 
Red square, zoom region. 
(Middle) Magnified view of 
three cells showing the MAX 
projection view of the first 
sequencing round. (Right) 
Magnified view of three cells 
showing the spatial arrangement 
of amplicons in a single z-frame 
across nine sequencing rounds. 
(C) RIBOmap and Allen Brain 
ISH images (41) showing the 
expression patterns of the three 
cell-type marker genes in 
comparable coronal hemibrain 
sections. (D and E) Uniform 
manifold approximation and 
projection (UMAP) plot visual- 
ization of translational profiles of 
19,173 cells collected from 
mouse coronal hemibrains. 

1 major cell types (D) and 

38 subtypes (E) were identified 
using Leiden clustering. Cells 
identified as mixed cells 
numbered 7559 (see Methods) 
and were excluded from 

the downstream analysis. 

(F) Representative spatial cell 
type atlas in the imaged coronal 
hemibrain region using the 
same color code as in (E). 

(G) The respective spatial cell 
maps of six major cell types in 
the imaged coronal hemibrain 
region using the same color 
code as in (E). 
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suggests substantial translation remodeling. 
This may functionally serve to augment the 
protein production for axon ensheathment 
and may be mechanistically relevant to the 
recent report on altered tRNA modification 
during oligodendrocyte maturation (44). 

To systematically uncover genes with dif- 
ferential spatial patterns between transla- 
tome and transcriptome across brain regions, 
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we performed gene clustering using region- 
resolved RIBOmap and STARmap profiles and 
identified gene modules with distinct spatial 
patterns between RIBOmap and STARmap 
across different brain regions (e.g., Module 7, 
fig. S17, A to C, and table S6). For example, G 
protein subunit gamma 2 (Gng2) in Module 7 
has a low RIBOmap signal in the thalamus, 
which is consistent with the protein signal 
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(extracted from the HPA database) and less 
correlated with the STARmap signal (fig. S17, 
D to I). By contrast, the RNA ISH signals of 
Gng2 from the Allen Brain database (41) cor- 
related better with the STARmap signal than 
RIBOmap (fig. S17, J to M). These results were 
consistent with previous studies in which the 
translatome is better correlated with the pro- 
teome than the transcriptome (7, 1/, 12). 
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Fig. 5. Comparison of spatial translatome and transcriptome in the 
mouse brain. (A) Two adjacent mouse brain coronal sections were used for 


RIBOmap and STARmap, respectively, for generating the spatial cell-type map. 


(B and C) The correlation of the translatome and transcriptome of the 5413 


genes in each cell type (B) and brain region (C). (D) Diffusion map visualization 


of oligodendrocyte and OPC in RIBOmap samples. (E) Diffusion map with 

pseudotime trajectory visualization of oligodendrocyte and OPC in RIBOmap 
sample generated by Monocle 3. (F) Diffusion map showing the normalized 
expression level of oligodendrocyte lineage marker genes Plp1 and Mbp 
in oligodendrocytes and OPCs. (G) Cell percentage of oligodendrocyte and 


OPC population in each brain region of RIBOmap (top) and STARmap (bottom) 


samples. (H) Cell-resolved spatial map for the oligodendrocyte and OPC 
population of RIBOmap (left) and STARmap (right) samples. (I) Heatmap 
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showing the gene clustering using RIBOmap and STARmap results in the 

three oligodendrocyte lineage cell types (left) and the relative translational 
efficiency (RTE) of these genes in each oligodendrocyte lineage cell type (right). 
(J) The top 5 significantly enriched GO terms for Module 3 genes. (K) Heatmap 
showing the RIBOmap results (left), STARmap results (middle), and RTE 

(right) of example genes in Module 3. (L and M) Heatmap showing the average 
RTE values of all Module 3 genes (L) and the RTE value of Module 3 example 
genes (M) in each brain region. (N and O) RIBOmp (left) and STARmap (middle) 
images show the translation and transcription levels of all Modules 3 genes 

(N) and two Module 3 example genes (0), respectively. Each dot in the images 
represents a cell and the dot color represents the expression level. (Right) 
Spatial map showing the average RTE of all Module 3 genes (N) and the RTE of 
two Module 3 example genes (0) in each brain region. 
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Fig. 6. Localized translation in the somata and processes of neuronal 

and glial cells in the mouse brain. (A) Magnified sections in the hippocampus 
and CA1 region showing the different cell types and the interspace. 

(B) Schematic of a hippocampal slice showing the somata and processes of 
hippocampal neurons, oligodendrocytes, and astrocytes. (€) Section in the CAL 
region showing somata reads (blue) and neuronal and glial processes reads 
(red). (D) Processes read percentages of individual genes in the 5413-gene 
RIBOmap measurements, with genes rank-ordered based on their processes 
reads percentage. Nine example genes were labeled inset. (E) The top 10 
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significantly enriched GO terms for processes-enriched-translation genes. (F) The 
top 10 significantly enriched GO terms for somata-enriched translation genes. 
GO was analyzed by DAVID (see Methods). (G and H) The spatial translation map 
of representative processes-enriched translation genes (G) and somata-enriched 
translation genes (H) in the hippocampus, showing somata reads (blue) and 
processes reads (red). (I and J) The spatial translation map of glial cell marker 
genes, including examples of processes-enriched translation genes (I) and 
somata-enriched translation genes (J) in the hippocampus, showing somata 
reads (blue) and processes reads (red). 
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Subcellular localized mRNA translation 

in mouse brain 

In addition to brain-wide anatomical analysis, 
we investigated potential translational con- 
trol at the subcellular level. In the brain tissue, 
subcellular localized translation in the cell 
body (soma) and periphery branches (processes) 
serves as a critical mechanism to assemble and 
adjust the network of neuronal and glial cells 
(45-50) in response to physiological signals 
during neurodevelopment and memory. To 
dissect localized translation in the somata and 
processes of neuronal and glial cells, we di- 
vided the RIBOmap reads into somata reads 
(i.e., inside the cell body area identified by 
ClusterMap) (52) and processes reads (i.e., the 
rest of the reads) (Fig. 6, A to C). Next, we defined 
the top 10% of genes with the highest and lowest 
processes-to-somata ratios as processes- and 
somata-enriched translation genes, respec- 
tively (Fig. 6D and table S7). GO analysis showed 
that processes-enriched translation genes are 
associated with translation machinery and 
postsynaptic density (Fig. 6E and fig. S18A). 
By contrast, somata-enriched translation genes 
are associated with the plasma membrane and 
extracellular matrix (Fig. 6F and fig. S18B), 
corresponding to localized translation at the 
ER in the somata. Notably, we observed abun- 
dant processes-enriched translation signals in 
hippocampal neuropils (Fig. 6G and fig. S18C). 
By contrast, the somata-enriched translation 
genes showed sparse RIBOmap signals in hip- 
pocampal neuropils (Fig. 6H and fig. S18D), 
which may be associated with ER translation. 
Beyond neuronal genes, we also observed lo- 
calized translation in glial cells (Fig. 6, I and 
J, and fig. $18, E and F). Overall, we demon- 
strated that RIBOmap can be used to study 
subcellular-localized translation in processes 
of both neuronal and glial cells of the mouse 
brain tissue. 

In summary, RIBOmap is a spatial trans- 
latomics method with single-cell and molec- 
ular resolution, which can be used to study 
mRNA regulation and protein synthesis in in- 
tact cellular and tissue networks. In contrast 
to existing approaches, RIBOmap bypasses 
complicated polysome isolation steps and 
genetic manipulation, thus holding promise 
for spatial and single-cell resolved studies in 
post hoc human tissue and disease samples. 
The detection efficiency and spatial resolu- 
tion of RIBOmap can be further increased by 
combining with super-resolution imaging, 
expansion microscopy, and sparse labeling 
(52) to further illustrate translational events 
in fine subcellular structures (e.g., dissecting 
dendritic and axonic mRNA translation in 
neurons). It is noteworthy that the accuracy 
of RTE analysis depends on the precise joint 
cell typing of RIBOmap and STARmap data. 
Therefore, further computational develop- 
ment to improve the cross-modality integra- 
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tion of various spatial omics modalities will 
significantly enhance the analysis and inter- 
pretation of RIBOmap. Whereas RIBOmap 
in this manuscript focuses on mapping RNA 
translation, such proximity-based tri-probe 
design can be readily adapted to study RNA- 
RNA interactions, RNA-protein interactions, 
and RNA modifications. In the future, we en- 
vision that RIBOmap can be combined with 
other imaging-based measurements to enable 
spatial multiomics mapping of epigenome, 
transcriptome, and translatome in the same 
samples for an integrative understanding of 
biological systems. 
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GENOME EVOLUTION 


Virus-like transposons cross the species barrier 
and drive the evolution of genetic incompatibilities 


Sonya A. Wident, Israel Campo Best, Alevtina Koreshova, Pinelopi Pliota, 


Daniel Krogull, Alejandro Burga* 


INTRODUCTION: When we think of DNA, we 
think of inheritance from parent to offspring. 
However, DNA can also be transmitted be- 
tween individuals that are not related and even 
between individuals belonging to different 
species in a process known as horizontal gene 
transfer (HGT). Although best characterized 
in bacteria, a growing body of evidence indi- 
cates that HGT can also take place in a wide 
range of eukaryotes, including fungi, plants, 
and animals. However, one of the most fascinat- 
ing aspects of HGT, the mechanism of transfer 
in metazoans, remains largely uncharacterized. 


RATIONALE: Many microorganisms can take 
up DNA from their environment, and some 
have even evolved specialized machinery to 
transfer DNA between peers. In sharp con- 
trast, transfer of DNA between multicellular 
organisms poses a greater logistical challenge. 
For HGT to take place, DNA must first find its 
way out of the donor species, come in close con- 
tact with the germ line of a second species (which 
is physically and molecularly guarded), and, final- 
ly, integrate into the genome of the new host. 


Mavericks mediate 

HGT between nematodes. 
(A) Mavericks share features 
of both transposable 
elements and viruses. In 
nematodes, they acquired 

a new protein, MFUS-1, 

that structurally resembles 
known viral fusogenes. 

(B) We found that two B 
new protein families 

(cargo genes) have been 
extensively transferred 
between nematode species 
on a global scale because of 
their association with 
Mavericks, even between 
species belonging to differ- 
ent genera. 


Mavericks 


Millions of 
years ago 
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A Viruses Tr 


Host genome —) 


Viruses have long been hypothesized to medi- 
ate HGT because of their known ability to take 
up DNA sequences from their hosts, integrate 
into genomes, and infect different species. How- 
ever, evidence is sparse and mostly limited to 
highly specialized viral symbionts that have co- 
evolved in the genomes of parasitoid wasps. 


RESULTS: While studying nematodes, we dis- 
covered one of the long-sought vectors of HGT 
in eukaryotes: Maverick elements. Mavericks, 
also known as Polintons, are unique because 
they share features of both transposons and 
viruses. Like transposons, Mavericks are 
flanked by terminal inverted repeats and can 
readily jump and insert into genomes. Like 
viruses, they code for a large number of pro- 
teins, including a type-B DNA polymerase, a 
retroviral-like integrase, as well as major and 
minor capsid proteins. We discovered that two 
new nematode gene families, wosp proteases 
and krma kinases, are preferentially taken up 
as cargo by Mavericks and have been exten- 
sively transferred between different nematode 
species on a global scale. Many of these transfers 


ansposons 


occurred between species that last shar: 


6 


Chec 


common ancestor likely hundreds of mill 
of years ago. We also found that nematode 
Mavericks captured a new fusogen, MFUS-1 (for 
Maverick fusogen), which is structurally most 
similar to the glycoprotein B from Herpes 
simplex virus 1. This event likely fueled the 
spread of Mavericks through the formation 
of enveloped infective particles, analogous to 
the inception of retroviruses from genomic 
retroelements. Finally, we show how the un- 
ion between a horizontally transferred wosp 
protease, msft-1, and a MULE (Mutator-like 
elements) transposon gave birth to a new 
class of selfish gene in the nematode Caeno- 
rhabditis briggsae: a mobile toxin-antidote 
element that causes genetic incompatibilities 
in wild populations. 


CONCLUSION: Our study illustrates how the 


intertwined biology of viruses and transposons . 


can ultimately affect gene flow between popula- 
tions. Indeed, HGT can result in regions of high 
sequence similarity between distantly related 
populations, masquerading as selection or intro- 
gression. Although different vectors of HGT 
likely exist in nature, we predict that Mavericks, 
and analogous transposable elements with viral 
properties, could mediate HGT in other animal 
eukaryotic lineages, including vertebrates. 
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GENOME EVOLUTION 


Virus-like transposons cross the species barrier 
and drive the evolution of genetic incompatibilities 


Sonya A. Widen*{, Israel Campo Bes'{+, Alevtina Koreshova’”, Pinelopi Pliota’, 


[2 


Daniel Krogull*?, Alejandro Burga’* 


Horizontal gene transfer, the movement of genetic material between species, has been reported 
across all major eukaryotic lineages. However, the underlying mechanisms of transfer and their impact 
on genome evolution are still poorly understood. While studying the evolutionary origin of a selfish 
element in the nematode Caenorhabditis briggsae, we discovered that Mavericks, ancient virus-like 
transposons related to giant viruses and virophages, are one of the long-sought vectors of horizontal 
gene transfer. We found that Mavericks gained a novel herpesvirus-like fusogen in nematodes, leading to 
the widespread exchange of cargo genes between extremely divergent species, bypassing sexual 

and genetic barriers spanning hundreds of millions of years. Our results show how the union between 
viruses and transposons causes horizontal gene transfer and ultimately genetic incompatibilities 


in natural populations. 


ike the early explorers who braved the 

seas, genes can also embark on extraor- 

dinary journeys. Horizontal gene trans- 

fer (HGT), the nonsexual movement of 

genetic material between species, is a 
well-characterized and common phenomenon 
in prokaryotes (1). By contrast, transfer of 
genes between eukaryotes is thought to be 
rare, especially in metazoans, because it requires 
a chain of unlikely events: DNA must find its 
way out of the donor species, come in close 
contact with the germ line of a second species, 
and finally integrate itself in the genome of 
the new host. Nonetheless, from antiparasitic 
toxins in butterflies to antifreeze proteins in 
fish, a growing body of evidence indicates that 
HGT between eukaryotes is far more common 
than was previously thought and could be an 
important evolutionary force (2-11). However, 
one of the most fascinating aspects of HGT, 
the mechanism of transfer, remains a mystery. 
Viruses have been proposed to mediate HGT 
because of their known ability to take up se- 
quences from their hosts and integrate into 
genomes (12-16). But evidence for this is sparse 
and mostly limited to highly specialized viral 
symbionts that have co-evolved in the ge- 
nomes of parasitoid wasps for millions of years 
(12, 17-20). Here, by studying the evolutionary 
origin of a selfish toxin-antidote (TA) element 
in the nematode Caenorhabditis briggsae, we 
found that Mavericks, ancient eukaryotic virus- 
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like transposons, are widespread vectors of HGT 
between nematodes. Further, we show how HGT 
fueled the evolution of genetic incompatibilities 
in natural populations. 


Results 
A maternal-effect selfish TA in C. briggsae 


TAs are typically made up of two linked genes, 
a toxin and its cognate antidote. In a maternal- 
effect TA, the toxin is expressed in the germ line 
of mothers and loaded into all eggs before 
fertilization (21). Only embryos that inherit at 
least one copy of the TA can express the anti- 
dote to counteract the effect of the toxin and 
survive (22). In this way, TAs selectively de- 
crease the fitness of haplotypes lacking them 
(hereafter referred to as “susceptible alleles”) 
and rapidly spread in populations. We recently 
discovered that a genetic incompatibility be- 
tween the C. briggsae reference strain AF16 
(Ahmedabad, India) and the wild isolate HK104 
(Okayama, Japan) stems from a maternal-effect 
TA (23-26). This TA causes developmental delay 
in ~20% of their F, progeny, and all delayed 
progeny are homozygous for the susceptible 
allele (AF16) (Fig. 1A) (23). When grown at 25°C, 
C. briggsae typically take 2 days to develop from 
embryos to sexually mature adults; however, 
poisoned progeny are unable to counteract the 
effect of the toxin and take 3 days or longer to 
reach sexual maturity (23, 24). Although the 
delay locus was previously mapped to HK104 
chromosome (Chr.) III, the toxin- and antidote- 
encoding genes were unknown. 

To fine-map the underlying genes, we took 
advantage of the inherent gene drive activity 
of TAs (23). We backcrossed hybrid hermaph- 
rodites to AF16 males for 16 generations and 
sequenced the genome of the resulting popu- 
lation (fig. SIA and materials and methods) 


30 June 2023 


(27). We expected the genetic background of 
the backcrossed population to be AF16 except 
for the HK104 Chr. III region that contains the 
TA. Consistent with this prediction, we found 
a single introgressed haplotype spanning ~10 Mb 
(Chr. IT: 0 to 10 Mb; Fig. 1B). To narrow down 
the candidate region, we derived 50 indepen- 
dent, near-isogenic lines (NILs) from the back- 
crossed population (fig. S1A) and genotyped 
them using established markers (28, 29). From 
these lines, we selected two NILs carrying large 
but partially overlapping introgressions (over- 
lap region: 4.94 to 6.75 Mb; fig. SIB). Using 
crosses, we determined that the TA was located 
in the overlapping introgressed region (fig. 
SIC and table S1). Repeated attempts to narrow 
the introgressions through backcrossing were 
unsuccessful, likely because of the low rate of 
recombination in the center of C. briggsae chro- 
mosomes (24). To circumvent this, we took ad- 
vantage of existing AF16 x HK104 recombinant . 
inbred lines (RILs) and selected three of them 
carrying different breakpoints across the candi- 
date region (24). By crossing each RIL to AFI6 
and testing for delay in the F, population, we 
narrowed the candidate region to 151 kb (Chr. 
III: 4.94 to 5.09 Mb; Fig. 1C). For all subsequent 
experiments, we used NIL1, which had the small- 
est introgression (hereafter simply referred to as 
NIL), and confirmed that it behaved similarly to 
HK104 in both maternal and paternal back- 
crosses to AF16 (fig. SID and table S1) (23). 

To identify candidate genes, we de novo 
assembled the HK104 genome using a com- 
bination of Oxford Nanopore long reads and 
Illumina short reads. The final assembly con- 
sisted of 18 scaffolds, with an N50 of 14,833,495 bp 
(Fig. 1D). We then sequenced the HK104 tran- 
scriptome and created comprehensive gene 
annotations using both transcriptome-guided 
and de novo gene calling. Our final annotation 
included 26,658 genes (27,569 transcripts), 
and analysis of conserved genes showed very 
high completeness (96.7% of conserved nema- 
tode genes were identified using BUSCO). Among 
the 39 genes in the candidate region, we filtered 
for genes in HK104 that were either absent, 
mutated, or highly divergent in AF16 or lowly 
expressed in AF16 and in tight genetic linkage 
(usually close neighbors). Only one pair of genes 
satisfied these criteria: ORFI4767 and ORF14768 
(Fig. IE and table S2). 

Because of its high expression level, we hy- 
pothesized that ORF14767 is the toxin-encoding 
gene. To test this, we first used CRISPR/Cas9 
homology-directed repair in the NIL back- 
ground to introduce a premature stop codon 
in the second exon of ORF14767, leading to 
early truncation of the predicted protein (p.S77X; 
fig. S2A). During the generation of these worms, 
ORFI4767 was duplicated, but the second locus 
coded for an identical mutant protein (fig. S2). 
The resulting ORF14767(—) worms did not show 
any abnormal phenotypes (7 = 0/100; fig. S3A). 
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Fig. 1. A maternal-effect selfish TA in C. briggsae. (A) Mechanism of 

action of the HK104 TA. In crosses between an NIL carrying the TA and the 
susceptible strain (AF16), all of the F2 progeny are poisoned, but only ~20% of 
them are developmentally delayed because AF16 homozygotes cannot express 
the antidote. The F2 delay phenotype is not fully penetrant (23). (B) Allele 
frequencies after 16 generations of maternal backcrosses to AF16 illustrating a 
large introgression on Chr. Ill. (©) Genotype of NIL1 and the AF16 x HK104 
RILs PB1171, PB1113, and PB1151 at genetic markers across the Chr. Ill candidate 
region. To determine whether each line still carries the HK104 TA, they were 
crossed to the susceptible strain AF16 and their F2 progeny were analyzed for 
developmental delay (right). Asterisk (*) indicates genetic marker information 


To determine whether the ORF14767 muta- 
tion disrupted toxicity of the TA, we crossed 
ORFI4767(—) NIL hermaphrodites to AF16 males. 
We observed no delayed individuals among the 
F, progeny (7 = 0/100; Fig. IF) compared with 
17.8% in the ORFI4767 wild-type cross (Fig. 1, C 
and F), indicating that ORFI4767 is the HK104 
toxin. An independently derived ORF14767-null 
allele (p.L104PfsX19; fig. S2C) using a second 
guide RNA also fully abrogated the toxicity of 
the TA (2 = 0/99; fig. S3B). ORF14767 encodes an 
uncharacterized protein (325 amino acids long) 
with a predicted serine-protease domain (fig. S4). 


msft-1 is part of a novel mobile TA element 


To study the evolutionary origins of the TA, 
we focused our attention on the surrounding 
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sequences. Although our annotation pipeline 
did not identify any clear open reading frame 
(ORF) in the ~3.7-kb region between the toxin 
and the downstream gene ORFI4768, we de- 
tected low levels of transcription (Fig. 1E). By 
leveraging de novo gene predictions and evo- 
lutionary conservation, we identified a gene 
with high homology to transposases belonging 
to the Mutator-like elements (MULE) family 
of transposable elements (Fig. 2A and fig. S5). 
MULES are “cut-and-paste” DNA transposons 
that are known for their propensity to insert 
into genic regions and acquire host genes (30-32). 
The toxin and the MULE transposase were 
flanked by terminal inverted repeats (TIRs) 
870 bp long and 96.7% identical, strongly 
suggesting not only a functional association 
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that was gathered from Ross et al. (24). (D) Synteny analysis between 

C. briggsae reference strain AF16 chromosomes and the HK104 de novo assembly 
scaffolds. The 20 HK104 scaffolds are numbered according to size (largest to 
smallest), and the 11 remaining much smaller scaffolds are not shown. 

(E) Alignment of short reads and mixed embryo-stage RNA-seq to HK104 de 
novo assembly (y axis is coverage). Highlighted in blue is the strongest candidate 
gene, ORF14767. (F) A frameshift mutation in ORF14767 in the NIL background is 
sufficient to abolish the delay phenotype in F2 progeny (bottom). In all panels, 
HK104 is shown in cyan and AF16 is shown in salmon. Error bars indicate 

95% confidence intervals calculated with the Agresti-Coull method. tox, toxin; 


between the TA and the MULE, but also a 
recent transposition event. In light of this, 
we named the toxin msft-1 (for maternal serine- 
protease toxin featuring transposon and 
pronounced “misfit”). 

Because MULEs are poorly characterized in 
nematodes, we predicted the structure of the 
C. briggsae MULE transposase using Alpha- 
Fold2 (33) and identified the residues that 
make up its characteristic DDE motif catalytic 
triad based on structural homology to ISCth4, 
a prokaryotic transposase of the IS256 fam- 
ily related to eukaryotic MULES (fig. S6) (34). 
These three residues (Asp”, Asp*’, and Glu’) 
were perfectly conserved in MULE transposases 
from 49 different nematodes species, including 
HK104, suggesting that the transposase linked 
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Fig. 2. msft-1 is part of a mobile selfish TA. (A) The msft-1 TA is contained within a MULE transposon. A conserved MULE transposase is found in between 
the toxin and ORF14768, and all three genes are flanked by TIRs. (B) Conservation of nematode MULE transposons. MULE transposase (green) and miso (light blue) 
are flanked by TIRs (yellow). Alignment of representative MULE proteins across nematodes. Asterisks (*) show catalytic residues in the transposase. (C) Natural 


genetic variation in C. briggsae populations supports the mobilization of the msft-1 TA in wild populations. Align 


the TA. (D) Sampling distribution of C. briggsae wild isolates. Color code shows the TA global localization. 


to msfi-1 is fanctional (Fig. 2B). In addition to 
their conserved transposase, MULEs typically 
contain additional ORFs (35). We then anno- 
tated homologs of ORF74768 across a wide range 
of divergent nematodes, including distantly 
related parasitic species such as Haemonchus 
placei and Ancylostoma ceylanicum (Fig. 2B). 
Homologs of ORF14768 were found in close 
proximity (+6 kb) to the transposase catalytic 
domain in ~40% (67/161) of annotated MULE 
transposons, suggesting a functional association 
between the two genes. We therefore named 
the novel protein family “mule internal second 
ORF” (MISO) and the ORFI4768, miso-1. 

To determine whether the TA is indeed 
mobile in nature, we assembled the genomes of 
three additional C. briggsae wild isolates using 
Nanopore long reads (fig. S7). Analysis of these, 
in concert with two additional genomes (36), 
revealed that the insertion site of msft-1 varied 
between natural isolates. The msft-1 TA was 
located on Chr. III in wild isolates from China 
and Iceland, but was found on Chr. V in iso- 
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lates from Canada, Saint Lucia, and Taiwan 
(Fig. 2, C and D). The Chr. V TA was pseudo- 
genized but largely complete. It lacked the 
transposase and miso-I sequences but did con- 
tain most of the toxin and fragments of both 
flanking MULETIRs. Thus, standing variation 
in wild C. briggsae populations supports the 
view that the msft-1 TA was capable of excision 
and integration into new genomic loci in recent 
evolutionary history. 


The MSFT-1 toxin belongs to a new family of 
serine proteases 


To better understand the mechanism underlying 
MSFT-1 toxicity, we predicted its tertiary struc- 
ture using AlphaFold2 (33). The resulting model 
had a high accuracy (fig. S8) and revealed two 
distinct domains that are connected by a flexible 
linker (Fig. 3A). The N-terminal domain (amino 
acids 1 to 83) displays a ubiquitin-like fold, 
whereas the C-terminal one (amino acids 106 
to 325) matches the serine protease domain 
predicted by InterPro (fig. S4). An indepen- 
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ment of Chr. Ill and Chr. V regions that carry a copy of 


dent model generated using RoseTTAfold re- + 
sulted in a similar structure [root mean square ‘ 


deviation (RMSD) = 1.3 A and TM-align score = 
0.85 for the protease domain; fig. S8]. We 
then used the AlphaFold2 MSFT-1 model as 
a template to search for proteins with a similar 
structure in the Protein Data Bank (PDB) 
using DALI (37). MSFT-1 was similar to the 
high-temperature requirement A (HtrA) fami- 
ly of serine proteases (Fig. 3B) (38-40). HtrA 
proteases are widespread in bacteria and 
eukaryotes and they typically contain one 
C-terminal PDZ domain, which stabilizes 
interactions with their substrates and modu- 
lates the activity of the protease domain (4/7). 
In bacteria, HtrA proteases, also known as 
Deg, mediate protein quality control and can 
also act as virulence factors (40, 42, 43). De- 
spite sharing very low sequence similarity and 
lacking a PDZ domain, DELTA-BLAST and 
HHbit, two remote homology detection algo- 
rithms, identified MSFT-1 as being homologous 


to bacterial Deg proteases. We then aligned the 
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Fig. 3. Horizontal gene transfer of msft-1 and related proteases. (A) Predicted 
domains and AlphaFold2 model of MSFT-1. (B) Comparison of the serine- 
protease domain of MSFT-1 and two representative HtrA proteases, AlgW from 
P. aeruginosa (PDB: 7CO5) and DegP from E. coli (PDB: 6JJK). a-chains are shown 
in red, B-sheets in yellow, and linkers in green. (C) Structural alignment of the 
protease domains of MSFT-1 (cyan) and AlgW (orange). Focus is on the three key 
catalytic residues. (D) Mutation of MSFT-1 Ser2°° to Ala abolishes its toxicity in 
crosses (P < 0.0001, chi-square test). Error bars indicate 95% confidence intervals 
calculated with the Agresti-Coull method. (E) Nucleotide alignment of C. briggsae 
msft-1 to its closest orthologs, C. plicata wosp-2, C. auriculariae wosp-5, and 
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C. parvicauda wosp-1. Alignments include intronic sequences. Mismatches, deletions, 
and insertions are highlighted. (F) VHICA for each species pair. Number of single- 
copy orthologs analyzed for each species pair: C. briggsae HK104 and C. auriculariae 
(1370); C. briggsae HK104 and C. plicata (1775); and C. briggsae HK104 and 

C. parvicauda (2172). msft-I/wosp gene pairs are shown in red. Solid black lines 
represent the linear regression of ENC-dS, and dashed red lines correspond to 

the cutoff P value of 0.05. (G) Alignment of the C. briggsae TA and its closest 
orthologous wosp proteases in basal Caenorhabditis species. Highlighted are 

genes and TIRs of MULE and Maverick transposable elements. The Mavericks of 

C. auriculariae and C. parvicauda are pseudogenized. 
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protease domain of MSFT-1 to Psewdomonas 
aeruginosa AlgW, a representative HtrA pro- 
tein (PDB: 7CO5), and identified the residues 
that make up its catalytic triad based on struc- 
tural homology: His'’, Asp'**, and Ser?°° 
(RMSD = 1.9 A; TM-align score = 0.71; Fig. 3C 
and fig. S9). To determine whether the pro- 
tease activity of MSFT-1 is necessary for its 
toxicity, we mutated Ser?°® to Ala in the endo- 
genous msft-1 locus using CRISPR/Cas9. This 
mutation abrogates the activity of serine pro- 
teases because it renders them incapable of 
performing the initial nucleophilic attack (44). 
We then crossed msft-1 Ser~” Ala NIL hermaph- 
rodites to AF16 males and inspected their F, 
progeny. In contrast to crosses involving the 
wild-type TA, we observed no developmental 
delay among F, individuals (n = 0/120, P < 
0.0001, chi-square test; Fig. 3D), and all Fs 
worms homozygous for the susceptible allele 
(AF16) were phenotypically wild type. These 
results were further confirmed in crosses with 
an independently derived line carrying the same 
point mutation (0.55% F, delay, n = 1/180, P < 
0.0001, chi-square test). Thus, our results in- 
dicate that the proteolytic activity of MSFT-1 is 
essential for its toxicity in vivo. 


Horizontal gene transfer of msft-1 and 
related proteases 


To further investigate the evolutionary history 
of MSFT-1, we retrieved homologous sequences 
from 107 nematode genomes, curated gene 
annotations, and built a comprehensive phylo- 
genetic tree (fig. S10 and data S1). In total, we 
identified 235 homologous proteins distrib- 
uted across 52 species and 11 genera. To facil- 
itate their study, we named this novel family of 
proteases “worm HtrA-like serine protease” 
(WOSP) (see data S1). Our analysis revealed 
that WOSP proteases are very common in 
nematodes, but they are not universal. For 
instance, C. briggsae has two WOSP proteases, 
CBG29787 and CBG26403, in addition to MSFT-1, 
whereas C. elegans lacks WOSP orthologs alto- 
gether. While inspecting the tree branch con- 
taining the toxin in detail, we found that 
MSFT-1 was almost identical to Cpli-WOSP-2, a 
protease found in C. plicata, a rare Caenorhabditis 
species associated with carrion beetles (45). 
Their sequences were 95% identical at the 
amino acid level (fig. S11). This is surprising 
because C. plicata is one of the most basal 
species of the Caenorhabditis genus (fig. S12) 
(46). The coding and intronic sequences of 
msft-1 and cpli-wosp-2 were 97.5% identical 
at the nucleotide level, even though the ge- 
nomes of C. briggsae and C. plicata are at least 
as divergent as those of humans and zebrafish 
(Fig. 3E and fig. S13) (47). In addition, we found 
high nucleotide conservation between MSFT-1 
and WOSP proteases found in C. parvicauda 
(Cparv-WOSP-1) and C. auriculariae (Cauri- 
WOSP-5) (Fig. 3E), two basal Caenorhabditis 
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species, and C. inopinata (Cino-WOSP-2), the 
sister species of C. elegans (fig. S14) (46, 48, 49). 
These observations raised a critical question: 
How can MSFT-1 be almost identical to ortho- 
logs in species that last shared a common ances- 
tor tens of millions of years ago? 

Introgressive hybridization, the exchange of 
genetic material between different species 
through hybridization and backcrossing, can 
result in high levels of identity between ortho- 
logs (50). However, this phenomenon is unlikely 
to explain the extreme sequence identity of 
msft-1 and its closest orthologs for two main 
reasons. First, with the exception of C. nigoni, 
there is complete reproductive isolation be- 
tween C. briggsae and all other Caenorhabditis 
species (57). Second, such high levels of sequence 
identity would require a recent hybridization 
event, resulting in extensive homology in the 
vicinity of the msft-1 locus caused by linkage 
disequilibrium (52). However, that was not the 
case. Only the protease had a high sequence 
identity, and the neighboring genomic regions 
were not homologous (fig. S15). Because such 
an isolated and extreme case of sequence 
similarity was unlikely to arise by hybridiza- 
tion, we hypothesized that msft-1 was horizon- 
tally transferred. 

To determine whether msft-1 has been 
horizontally transferred, we studied its phylo- 
geny in more detail. A hallmark of HGT is the 
presence of discrepancies between species and 
gene trees (53). In addition to the high sequence 
similarity between C. briggsae msft-1 and or- 
thologs found in C. plicata, C. parvicauda, C. 
auriculariae, and C. inopinata, we found that 
basal Caenorhabditis species and those belong- 
ing to the Elegans and Japonica groups were 
frequently intermixed in the protease tree (fig. 
S10). Furthermore, Caenorhabditis species no 
longer formed a monophyletic group (fig. S10). 
For example, C. portoensis WOSP-9 is most sim- 
ilar to Bursaphelenchus okinawaensis WOSP-3, 
and C. virilis WOSP-1 is most similar to Meso- 
rhabditis belari WOSP-8 (fig. S10). 

Because gene loss and duplication can lead 
to topological discrepancies between gene and 
species trees (54), we also tested the HGT 
hypothesis using a method that is independent 
from phylogenetic reconstruction: Vertical and 
Horizontal Inheritance Consistence Analysis 
(VHICA) (55). VHICA is a statistical frame- 
work that compares genome-wide rates of neu- 
tral evolution in coding genes and identifies 
horizontally transferred genes based on their 
unusually low rate of synonymous substitu- 
tions (dS). VHICA accounts for variation in 
the number of synonymous sites under puri- 
fying selection by using the effective number 
of codons (ENC) as a proxy to distinguish 
between codon selection and HGT. To imple- 
ment VHICA, we first defined a set of high- 
confidence single-copy orthologs between 
C. briggsae HK104 and the three species 
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carrying proteases most similar to msft-1, 
C. plicata, C. auriculariae, and C. parvicauda, 
and estimated dS and ENC for each of them. 
As expected, we observed an overall positive 
correlation between dS and ENC on a genome- 
wide scale (Fig. 3F). We then identified genes 
that significantly deviated from this trend; 
that is, they displayed both a low dS and high 
ENC (low codon bias), a hallmark of HGT. 
Following these criteria, msft-1 was the most 
extreme outlier genome wide, strongly support- 
ing an HGT event (Fig. 3F; P < 0.00001 for all 
pairwise comparisons). 


Mavericks transferred the precursor of 
msft-1 into C. briggsae 


Having established that msft-1 is horizontally 
transferred in nematodes, we wondered by 
what mechanism the transfers were accom- 
plished. One key finding that has emerged 
from various studies is that HGT usually involves 
transposable elements (7, 8, 16). Because msft-1 is 
embedded within a MULE in C. briggsae, we 
wondered whether this DNA transposon was 
responsible for the horizontal transfer of msft-I. 
To test this idea, we reconstructed the evolution- 
ary history of nematode MULEs and searched 
for phylogenetic incongruencies that could in- 
dicate horizontal transfer. MULEs are quite chal- 
lenging to annotate because they are highly 
divergent, oftentimes pseudogenized, and their 
transposase is normally silenced or expressed 
at very low levels. Thus, we focused our analysis 
on the catalytic domain of the transposase, 
which is by far the most conserved domain of 
the enzyme (Fig. 2B). Our analysis revealed that, 
unlike WOSP proteases, Caenorhabditis MULE 
transposases form an almost perfect monophy- 
letic group (fig. S16). Moreover, the C. briggsae 
MULE transposase was most similar to the one 
found in its sister species, C. nigoni (fig. S16). 
Finally, we investigated whether the C. briggsae 
MULE transposase or its TIRs were highly 
conserved in any other species. Unlike msft-1, 
we found no evidence for high sequence 
conservation of the MULE in any other viral, 
prokaryotic, or eukaryotic genome publicly 
available to date. Taking all of these results 
into consideration, we concluded that MULE 
transposons are unlikely to be involved in 
HGT of WOSP proteases. 

Next, we inspected in closer detail the 
genomic neighborhood of the Cpli-wosp-2 pro- 
tease, the closest homolog of msft-1. Although 
the protease was found in a very short scaffold, 
a blastx search revealed that the region at the 
closest edge of the scaffold and adjacent to the 
protease shared homology to viral integrases 
(fig. S17). We resequenced C. plicata using 
Nanopore long reads and de novo assembled 
its genome. The resulting assembly consisted 
of 138 scaffolds and had an N50 of 3,276,966 
bp. Most genes were complete in this assem- 
bly despite the high levels of heterozygosity in 
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the strain that hindered its assembly (BUSCO 
score 90.0% complete and 2.6% partial genes; 
fig. S17). The new long read-based assembly 
revealed that Cpli-wosp-2 is found within a 
complete Maverick transposon. In addition, 
both Cauri-wosp-5 and Cparv-wosp-1 are found 
within pseudogenized Mavericks. Mavericks, 
which are also known as polintons, are a class 
of ancient eukaryotic mobile elements that 
share features of both transposons and viruses 
(56, 57). Like transposons, Mavericks are 
flanked by TIRs, but like viruses, they code for 
a large number of proteins, including a type-B 
DNA polymerase, a retroviral-like integrase, 
an FtsK-like ATPase, an adenovirus-like pro- 
tease, and major and minor capsid proteins 
(58, 59). We found all of these intronless genes 
in the Maverick carrying Cpli-wosp-2 (Fig. 3G). 
The genetic link between Mavericks and giant 
viruses, virophages, and adenoviruses has led to 
the hypothesis that Mavericks could, under 
some conditions, form virions (59-61). In sup- 
port of this view, an AlphaFold2 model of the 
C. plicata Maverick major capsid protein 
(MCP) revealed extensive structural similarity 
to the double jelly-roll capsids of numerous 
double-stranded DNA (dsDNA) viruses, includ- 
ing the virophage Sputnik, as well as the giant 
viruses Faustovirus and Paramecium bursaria 
chlorella virus (PBCV-1) (top Z score = 24.4; 
Fig. 4, A and B). Viral MCP trimers, also known 
as hexons, are the main building block of 
capsids. The N-terminal tails of MCPs contribute 
to the stability of the homotrimer by wrapping 
around their nearest counterclockwise neighbor- 
ing subunit (62). An AlphaFold2 model of the 
Maverick MCP trimer revealed that their 
N-terminal tails also show this conserved 
structural feature (Fig. 4, A and B, and fig. S18), 
suggesting that Mavericks can form virions. 
The C. plicata Maverick additionally codes 
for a putative viral-like fusogen, which we named 
mfus-1 (for Maverick fusogen). Fusogens are 
proteins used by enveloped viruses to facilitate 
virus-host membrane fusion. C: plicata MFUS-1 is 
866 amino acids long and, like most known 
viral fusogens, it has a predicted N-terminal 
signal peptide (amino acids 1 to 24) and a single 
transmembrane domain (amino acids 775 to 
811) (Fig. 4C). We used AlphaFold2 to predict 
the structure of MFUS-1 and focused our analy- 
sis on a portion of the ectodomain (amino acids 
50 to 270) that showed the highest accuracy 
(Fig. 4C and fig. S19). A structural homology- 
based search revealed that MFUS-1 was most 
similar to Herpes simplex virus 1 (HSV-1) gly- 
coprotein B (gB) (top Z score = 11.1; RMSD = 
3.88 A; TM-align score = 0.52; Fig. 4C), and 
also showed extensive similarity to the gB of 
human cytomegalovirus and Epstein-Barr virus, 
which are class III viral fusogens. Our approach 
identified the highly conserved domain I of 
class III proteins (DI), which forms an extended 
B-sheet structure and contains two loops that 
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form the bipartite fusion peptide (Fig. 4). Like 
its viral counterparts, MFUS-1 has many hydro- 
phobic residues in the putative loop regions of 
DI that could interact with target membranes 
(Fig. 4D). Additionally, we found strong support 
for DII (Fig. 4C) and DIII, a large a-helix that 
forms a trimeric coiled coil in viruses (fig. S19). 


Evolutionary path from protease to toxin 


Because Cpli-wosp-2 is embedded within a 
Maverick that could form enveloped virions, 
whereas MULE-associated msft-1 can only 
directly mobilize within the C. briggsae genome, 
we reasoned that Cpli-wosp-2 represents an 
ancestral state from which the toxic activity of 
msft-1 evolved after a horizontal transfer event. 
To explore this scenario, we analyzed in detail 
the coding differences between these two genes. 
Of 16 nonsynonymous substitutions between 
Cpli-wosp-2 and msft-1, only one of them af- 
fects a highly conserved residue (Glu?”; Fig. 4, 
E and F, and fig. S11). This Glu is found in very 
close proximity to the catalytic site of WOSP 
proteases and is likely part of the substrate- 
binding site (Fig. 4E). In MSFT-1, however, this 
residue was replaced by a noncharged glycine 
(Glu? Gly; Fig. 4, E and F). To test whether this 
specific substitution is necessary for MSFT-1 
toxicity, we first used CRISPR/Cas9 to revert 
Gly’” to the inferred ancestral state (Glu) in 
the endogenous msft-1 locus and then crossed 
these mutants to the parental AF16 strain. We 
observed almost no delayed individuals among 
their F, progeny (2.2%, n = 3/135, P = 0.0001, chi- 
square test; Fig. 4G), indicating that this recent 
substitution is necessary for MSFT-1 toxicity. 
We confirmed these results in crosses with an 
independently derived line carrying the same 
point mutation (5.6% delayed F, progeny, n = 
9/159, P = 0.0018, chi-square test). 

Overall, we conclude that C. briggsae msft-1 
evolved from a Maverick-associated protease 
that was horizontally transferred to C. briggsae, 
likely from a basal Caenorhabditis species 
where closely related homologs are found. 
Mavericks carry the genetic toolkit necessary 
for making enveloped virions, suggesting that 
viral-like particles could directly mediate HGT 
without the need of a vector, such as another 
virus or pathogenic microorganism. 


Widespread horizontal transfer of Maverick 
cargo across genera 


MSFT-1 and its close homologs are not the 
only WOSP proteases that are horizontally 
transferred; in fact, their patchy phylogeny 
suggests this is a common occurrence in the wild 
(Fig. 5A and fig. S10). Prompted by our discovery 
in C. plicata, we next investigated whether 
WOSP proteases are generally associated with 
Mavericks. In 48 of 235 cases (20%), we iden- 
tified at least one core component of Mavericks 
in close proximity (+6 kb) to a WOSP protease, 
even though Mavericks typically make up 
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<1% of nematode genomes (P < 0.00001; Fig. 
5A and data S2). We think this number is an 
underestimate, because the genome assem- 
blies of most of these species are low quality 
and the proteases are often found at the edge 
of scaffolds. WOSP proteases were associated 
with Mavericks not only in Caenorhabditis 
species, but also in distantly related nematodes 
such as Mesorhabditis belari, Oscheius tipulae, 
and even Halicephalobus mephisto, which was 
discovered inhabiting a South African mine 
1.3 km below the Earth’s surface (63, 64). 
Next, we investigated whether Mavericks 
themselves were being horizontally transferred 
regardless of their association with WOSP 
proteases. To do so, we first annotated the 
core set of Maverick genes across 107 available 
nematode genomes and reconstructed their 
phylogeny (fig. S20). For all Maverick genes 
inspected, we found widespread incongruencies 
between gene and species trees, support- 
ing multiple independent Maverick transfer 
events between species belonging to different 
genera, including Caenorhabditis, Pristionchus, 
Panagrellus, Heterorhabditis, Mesorhabditis, 
Parapristionchus, and Micoletzkya (fig. S20). 
This scenario is also supported by the extreme 
nucleotide identity of Maverick genes found 
in nematodes from different genera (fig. S21), 
as well as their GC content, which is lower than 
that of their host (fig. S22). Our analysis also 
revealed that most nematode Mavericks are 
either incomplete or pseudogenized, as is gen- 
erally the case in eukaryotes (65). However, we 
identified some noteworthy exceptions. For in- 
stance, Mavericks found in C. wallacei, C. plicata, 
C. bovis, M. belari, and H. bacteriophora were 
largely complete (Fig. 5B). The Mavericks found 
in C. wallacei, C. plicata, and C. bovis were 
>95% identical to each other at the nucleotide 
level, suggesting recent HGT events (Fig. 5B). 


A new family of kinases is also associated 
with Mavericks 


A common feature across highly complete 
Mavericks was the presence of an ~2- to 5-kb 
region between the left TIR and the integrase 
that could be distinguished because of its lack 
of conservation and the presence of genes with 
introns such as Cpli-wosp-2 (Fig. 5B). Some of 
these Mavericks did not carry a wosp gene, but 
rather a gene of unknown origin (Fig. 5B). To 
characterize the novel cargo, we first focused 
on the C. wallacei Maverick. An InterPro scan 
of its predicted 430-amino acid-encoding car- 
go revealed a ubiquitin-like fold at the N ter- 
minus (amino acids 1 to 73) but no additional 
known domains. We then predicted its struc- 
ture using AlphaFold2 (figs. S23A and $24) and 
searched for structurally similar proteins in the 
PDB. The novel cargo was structurally homol- 
ogous to numerous bacterial kinase effectors, 
virulence factors, and toxins, including Legionella 
pneumophila MavQ, Helicobacter pylori: CtkA, 
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kinases across 107 nematodes genomes and 
found a total of 531 KRMA kinases (data $2). 
Similar to WOSP proteases, we found wide- 
spread incongruencies in the gene tree com- 
pared with the species phylogeny and extreme 
DNA conservation in both coding and intronic 
regions between KRMA kinase homologs in 
highly divergent species (fig. S23, B and C). 
Furthermore, 121 of 531 (22.7%) of KRMA ki- 
nases were associated with either complete or 
partial Mavericks (P < 0.00001; fig. S23C and 
data S3). We also found that WOSP and KRMA 
proteins associated with Mavericks had shorter 
terminal branches (fig. S25). 

Overall, our results indicate that two novel 
nematode protein families, WOSP proteases 
and KRMA kinases, are preferentially associ- 
ated with Mavericks. These genes likely corre- 
spond to cargo sequences that were originally 
“captured” by Mavericks from nematode ge- 
nomes during transposition and, as a result, 
broadly exchanged between species that have 
been reproductively isolated for tens or even 
hundreds of millions of years. In support of 
this view, we found that the GC content of 
wosp and krma genes largely matched that 
of host genes but differed significantly from 
that of Maverick core genes (Fig. 5, C and D). 
Similarly, the codon usage of wosp and krma 
genes is in alignment with that of their host 
rather than with Maverick genes (Fig. 5E). 
These results were robust and consistent across 
species and independent of the association of 
wosp and krma genes with Mavericks (fig. 
$22). This, together with the exclusive pres- 
ence of introns in cargo genes and the fact that 
hundreds of wosp and krma genes are not 
associated with Mavericks but are otherwise 
virtually indistinguishable from nematode 
genes, strongly supports the capture model. 
Although we cannot formally rule out the possi- 
bility that these genes are integral components 
of Mavericks that evolved to resemble nema- 
tode genes, we believe that a nematode origin 
is the most parsimonious explanation. 


Modularity of ubiquitin-like domains in 
cargo proteins 


In addition to being associated with Mavericks, 
WOSP proteases and KRMA kinases share 
another feature: Both protein families have 
ubiquitin-like domains at their N terminus 
despite sharing low levels of sequence iden- 
tity with ubiquitin (Fig. 3A and fig. $23A). 
We found that these ubiquitin-like domains 
are highly modular within each protein family. 
For example, the ubiquitin-like domains of 
MSFT-1 and Cpar-WOSP-2 were 92% identical 
at the protein level, whereas their protease 
domains were only 21% identical (Fig. 6A). 
By contrast, the ubiquitin-like domains of 
MSFT-1 and Mbel-WOSP-8 were 27% identical, 
whereas their protease domains were 72% 
identical (Fig. 6A). This pattern was also evident 
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between MSFT-1 and Cpar-WOSP-1 (Fig. 3E). 
KRMA kinases were also modular (Fig. 6A). 
This unusual pattern of genetic variation is con- 
sistent with recombination between different 
Mavericks, analogous to viral recombination 
during infection and replication cycles (67). 


Discussion 


In this study, we provide evidence for wide- 
spread Maverick-mediated horizontal gene 
transfer across extremely divergent nematode 
species (Fig. 6B) that drove the evolution of a 
novel MULE-associated selfish TA element (Fig. 
6C). The TA found in C. briggsae is capable of 
both spreading in nature by poisoning individ- 
uals homozygous for the susceptible allele 
and changing its position in the genome through 
transposition. The existence of elements such 
as the msft-1 TA could explain why numerous 
transposable elements that are present in only 
one or two copies per genome can persist in 
the face of genetic drift (68). Because of their 
association with TAs, some transposons could 
rapidly spread in populations while incurring 
no fitness cost. Furthermore, elements such 
as the msft-1 TA provide a cautionary tale to 
evolutionary biologists, because they could 
be responsible for “ghost” signatures of se- 
lection in genomes. Quick fixation of the TA 
element followed by transposition could be 
erroneously interpreted as positive selection 
acting on neutral variants that were originally 
linked to the TA. The ms/t-1 TA is reminiscent 
of the P element in Drosophila (2, 11) and the 
Spok block, a recently reported selfish ele- 
ment in the fungus Podospora anserina (69). 
The Spok block is made up of numerous Spok 
TAs capable of meiotic drive, which are em- 
bedded within a putative giant DNA trans- 
poson, the Enterprise. Like the msft-1 TA, the 
Spok block is a hyperparasite capable of both 
gene drive and transposition. We show in un- 
precedented detail how cooperation between 
parasitic genetic elements can lead to the evo- 
lution of new biological function and ultimately 
affect gene flow between populations. However, 
several intriguing aspects of the TA evolution 
are still unknown. For instance, it is not clear 
whether msft-1 became a toxin before or after 
its capture by the MULE transposon and if 
msft-I has nonselfish roles that could also 
have contributed to the evolution of the TA. 

Our work reveals Mavericks as one of the 
long sought-after vectors of HGT. Because of 
their unique biology, which shares features 
of both transposons and viruses, Mavericks 
are responsible for the widespread transfer 
of genes across extremely divergent species. 
Analogous to endogenous retroelements that 
gained env genes, Mavericks captured a novel 
fusogen, mfus-1, which is likely instrumental 
for HGT in nematodes (70, 71). However, we 
could not detect transcription of the fusogen 
or any other Maverick gene. We hypothesize 
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that Mavericks, like E. coli, phage and human 
herpesvirus, integrate into the genome of their 
host and passively replicate until an environ- 
mental factor triggers the formation of infec- 
tive particles (Fig. 6B). In support of this model, 
maviruses, virophages evolutionary related to 
Mavericks, are not constitutively expressed 
when integrated in protozoan genomes, but 
they are specifically transcribed after super- 
infection by the giant virus CrV (72, 73). Future 
studies focusing on the reconstitution of the 
Maverick life cycle will allow us to study HGT 
with unprecedented mechanistic detail in vivo. 
Moreover, this research could also lead to the 
development of payload delivery systems in 
nematodes, for which DNA viruses are unknown 
(74). Of special interest are the wosp and krma 
genes. Given their specific association to 
Mavericks, we speculate that their ubiquitin- 
like domains could facilitate infection or inte- 
gration. The structural similarity of WOSP and . 
KRMA to bacterial proteins may hint at an 
ancient transfer from eukaryotes to nematodes; 
however, we cannot exclude that their resem- 
blance was caused by convergent evolution. 
Mavericks are widespread in eukaryotes—and 
pseudogenized copies are even present in 
humans—and their gene content is highly con- 
served (58, 65, 75). Although we acknowledge 
that there are likely many different vectors of 
HGT in nature, Mavericks could also play a role 
beyond nematodes. For instance, teleosts such 
as ray-finned fishes have experienced extreme 
levels of HGT and have a high number of 
Mavericks in their genomes (7, 65). Therefore, 
we predict that Mavericks, and analogous 
selfish genes with viral properties, could medi- 
ate HGT in other eukaryotic lineages. 


Materials and methods 
Maintenance of worm strains 


All worms were maintained at 25°C on modified 
nematode growth medium (NGM) plates unless 
otherwise indicated. The modified NGM con- 
tains 1% agar/0.7% agarose as C. briggsae and 
other species can burrow into normal NGM plates. 
Some of the strains were provided by the CGC, 
which is funded by the NIH Office of Research 
Infrastructure Programs (P40 OD010440). All 
strains used in this study are listed in table S3. 


Data source and code 


The data and code necessary to replicate the 
main and supplementary figures of this manu- 
script are available at Zenodo (76). 


Generation of C. briggsae near-isogenic and 
mutant lines 


All near-isogenic lines were generated as 
previously described (23), and an overview is 
shown in fig. SIA. For CRISPR/Cas9 genome 
editing, we adapted previously described pro- 
tocols (77). In brief, 250 ng/ul Cas9 or Cas12a 
(IDT) protein was incubated with 200 ng/yl 
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Fig. 6. Modularity of Maverick cargo and model for Maverick-mediated HGT 
and TA evolution. (A) Examples of modularity between the N-terminal ubiquitin- 
like domain and C-terminal catalytic domain of WOSP proteases (left) and between 
the N-terminal ubiquitin-like domain and C-terminal catalytic domain of KRMA 
kinases (right). (B) Model for Maverick-mediated HGT of cargo genes in nematodes. 
We hypothesize that under some environmental perturbation, Mavericks are 
transcribed and form enveloped viral-like particles. These particles can infect 
individuals from other species and integrate into their germ line. (C) Model for the 


origin of the C. briggsae TA. (1) A Maverick from a basal Caenorhabditis species 
infected C. briggsae and integrated into the genome introducing its cargo wosp 
protease (right). A C. briggsae MULE then transposed into this Maverick (left) and (2) 
captured the protease during subsequent transposition. (3) The wosp protease 
evolved into the msft-1 toxin. Alternatively, the toxic activity of msft-1 could have 
evolved before the capture by the MULE. The Glu?”°Gly mutation close to the 
catalytic site was critical for evolution of toxicity and may have changed the 
substrate specificity of the MSFT-1 protease domain. 


crRNA (IDT) and 333 ng/ul tracrRNA (IDT) 
at 37°C for 10 min before adding 2.5 ng/ul 
co-injection marker plasmid (pCFJ90-mScarlet-I). 
For homology-directed repair, donor oligos 
(IDT) or biotinylated and melted polymerase 
chain reaction (PCR) products were added at 
a final concentration of 200 or 100 ng/ul, re- 
spectively. After injections into young adult 
hermaphrodites, mScarlet-positive F, progeny 
were singled and their offspring screened by 
PCR and Sanger sequencing to detect successful 
editing events. All guide RNAs and homology- 
directed repair templates are listed in table S4. 


Phenotyping, genotyping, and statistical analysis 
of crosses 


All crosses were performed at 25°C. Crosses 
were set up in a single well of a 12-well plate 
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with six L4-stage hermaphrodites and at least 
25 adult males. Worms were then allowed to 
mate and lay for 48 hours. For F,-selfing experi- 
ments, L4-stage F,s were then singled onto 
3-cm plates and allowed to self-fertilize over- 
night. To ensure that the F,s used for pheno- 
typing were approximately the same age, the 
F, mothers were transferred to a new plate in 
the morning, allowed to lay for 2 hours, and 
then fresh F, eggs were singled onto 3-cm 
plates for phenotyping. All F,s were then staged 
every 24 hours to track their development. 
Eggs that did not hatch were scored as embryo- 
nic lethal, and larvae that hatched but ar- 
rested before sexual maturity were scored as 
larval lethal. At 48 hours, wild-type worms 
have reached sexual maturity and are laying 
eggs; worms were considered to be develop- 
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mentally delayed if they did eventually reach 
sexual maturity but had not yet done so at 
48 hours (in most cases, delayed worms were 
at the L4 stage or just molted to the adult 
stage). In all cases, F.s were monitored until 
they either died or reached sexual maturity. All 
crosses were performed at least twice, with 10 
to 20 F, progeny analyzed from five to 10 dif- 
ferent F, mothers in each experiment. Each 
n value given indicates the total number of F, 
progeny that were counted. Where applicable, 
P values were calculated using the chi-square 
method. The expected number of delayed F, 
progeny in each cross was calculated based 
on the proportion observed in the control cross 
(NIL x AF16). For maternal backcrosses, crosses 
were performed as above except that L4-stage 


F,s were transferred to a new 3-cm plate and 
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mated with at least 50 males of the appropri- 
ate parental strain overnight, and then singled 
in the morning to lay fresh eggs for analysis. 
Paternal backcrosses were performed by trans- 
ferring at least 50 F, young males to a new 3-cm 
plate, left overnight to ensure they reached 
sexual maturity, and then at least 10 L4-stage 
hermaphrodites of the appropriate parental 
strain were added. Worms were allowed to mate 
overnight, and then the hermaphrodites were 
singled in the morning and fresh eggs were 
picked for analysis. Genotyping PCRs were 
performed with proteinase K (ProK)-digested 
worm lysates as template using in-house hot- 
start Taq polymerase (IMBA’s Molecular Bi- 
ology Service Core Facility) with an annealing 
temperature of 56°C. ProK digestion was per- 
formed for 30 min at 37°C with 200 ug/ml 
enzyme diluted in Taq buffer, and then 1 ul 
was used directly in genotyping PCRs. In all 
crosses where we observed F, delay, all F. 
progeny were genotyped regardless of their 
phenotype by PCR using template from ProK 
digestion of either the F, worm itself or at 
least 10 pooled F3s. The genotypes for all rele- 
vant crosses can be found in table S1. In crosses 
where we observed no delay, all F, mothers and 
at least 40 F,s were genotyped from at least 
two different confirmed heterozygous F, moth- 
ers to ensure that we observed the expected 
Mendelian ratios of all genotypes. Where ap- 
plicable, the genotyping of all crosses and 
lines used in this study were performed with 
either amplified fragment length polymor- 
phism (AFLP) assays or Sanger sequencing. A 
list of all primers and genotyping assays can be 
found in table S5. 


Short-read Illumina whole-genome sequencing 


We extracted genomic DNA (gDNA) from at 
least two freshly starved 9-cm plates of the 
appropriate worm strain using the Master- 
Pure Complete DNA and RNA Purification kit 
(Lucigen; catalog no. MC85200) following man- 
ufacturer protocols, including the sample 
freeze-thaw step to facilitate tissue lysis. We 
then prepared lumina sequencing libraries 
using the Nextera DNA Flex Library Prep kit 
(Illumina; catalog no. 20018705) with 100 ng 
of input gDNA for each library. gDNA and 
prepared libraries were quantified using the 
DeNovix dsDNA High Sensitivity kit (Biozym; 
catalog no. 31IDSDNA-HI1). Libraries were 
checked on a fragment analyzer and then 
sequenced on an Illumina NextSeq or MiSeq 
instrument. All sequencing runs used in this 
study are listed in table S6. 


RNA extraction and RNA sequencing 


For AFI6 and HK104 mixed-stage embryo 
RNA sequencing (RNA-seq), three full, non- 
starved 9-cm plates of the appropriate worm 
strain were first bleached to isolate only the 
embryos, and then total RNA was extracted 
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from them using a TRIzol extraction method 
based on a previously published protocol (78) 
with the following modifications. Chloroform 
was used instead of bromochloropropane, and 
phase-lock tubes were used during TRIzol/ 
chloroform steps. DNA was removed from the 
samples with a DNase I digestion (80 min at 
37°C), and then the enzyme was inactivated 
with 2.5 wl of 25 mM EDTA and a 10-min in- 
cubation at 65°C. Next, 100 ng of purified RNA 
was used as input for the TruSeq Stranded 
mRNA kit (Illumina; catalog no. 20020595), and 
libraries were prepared according to manu- 
facturer instructions. Libraries were then checked 
on a fragment analyzer and sequenced on a2 x 75 
paired-end NextSeq550 lane. All samples were 
run in biological triplicate. 


Single-molecule nanopore sequencing 


High-molecular-weight DNA was extracted 
using either the MasterPure Complete DNA 
and RNA Purification kit (Lucigen; catalog 
no. MC85200) or by standard phenol/chloroform 
extraction. Worms were washed off of freshly 
starved plates and rinsed with M9 at least 
three times before the pellet was frozen at -20 
to facilitate sample lysis before the extraction 
protocol was started. Either 10-kb (C. briggsae 
strains) or unfragmented (C. plicata SB355) 
sequencing libraries were prepared using the 
1D Ligation Sequencing Kit from Oxford 
Nanopore Technologies (ONT; catalog no. 
SQK-LSK109) and sequenced on a PromethION 
device (ONT). Libraries for C. briggsae HK104 
and C. plicata SB355 were run individually, 
whereas C. briggsae ED3036, JU439, and 
QR24 were barcoded using the Native Barcod- 
ing kit (ONT, catalog no. EXP-NBD104) and 
sequenced together. Read calling and demul- 
tiplexing (where applicable) was performed 
with the GPU version of Guppy Basecalling 
software v5.0.11+2b6dbffa5 and the base-calling 
model dna_r9.4.1_450bps_sup_prom.cfg. 


Genome assembly and annotation 


Raw nanopore reads were error corrected 
using NECAT v0.0.1 with an estimated genome 
size of 105 Mb. The longest corrected reads 
were taken so that the estimated coverage of 
the whole genome would be 50x. These reads 
were then trimmed by Canu v1.8 and assembled 
using Flye v2.7.1 with default parameters 
(79, 80). The resulting assembly was polished 
by two to four rounds of Racon v1.4.2. Scaffolds 
corresponding to residual FE. coli contamination 
were identified and removed using BLAST 
v2.2.26. The assemblies of C. briggsae strains 
QR24, ED3036, and JU439 consist of 37, 
42, and 72 scaffolds; have N50s of 7,629,715, 
6,649,622, and 8,765,825; and have BUSCO 
completeness of 98.1%, 98.2%, and 98.7%, 
respectively. Like HK104 (Japan), the strains 
JU439 (Iceland) and VX34 (China) contain the 
msft-I1 TA in Chr. III. We have not crossed 
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these strains to AF16, but it is likely that their 
respective TAs are active. JU439 MSFT-1 is 
identical to HK104 MSFT-1 at the protein level. 
VX34 MSFT-1 has five substitutions compared 
with HK104 MSFT-1, but these changes do not 
affect the protease catalytic residues nor the 
putative substrate-binding site Glu?” residue. 
For the C. plicata assembly, Flye was run in 
the metagenomic mode because of extensive 
bacterial contamination of the library. Circular 
contigs with coverage more than twice higher 
than coverage of true C. plicata contigs were 
removed. True contigs were defined as nearly 
chromosome-sized contigs showing sequence 
homology to the existing C. plicata short-read 
assembly. Genome annotation was performed 
using funannotate v1.7.4, with a transcriptome 
assembled by Trinity v2.10.0 (81, 82). For 
funannotate, Augustus was run with a pre- 
trained C. elegans model, and BUSCO was run 
with-busco_db nematoda-busco_seed_species , 
Caenorhabditis options. GeneMark-ET was run 

with default parameters. 


Fine mapping of the HK104 toxin 


We began mapping the HK104 TA by per- 
forming 16 generations of maternal backcrosses 
to the susceptible strain AF16, taking advantage 
of the ability of TAs to select for themselves in 
each generation. For each backcross, five to 10 
14-stage hermaphrodites were crossed with at 
least 25 AF16 males in a 3-cm plate. The 16th 
generation was Illumina short-read sequenced 
(see “Short-read Illumina whole-genome se- 
quencing” section and table S6) and we per- 
formed single-nucleotide polymorphism (SNP)- 
calling analysis to calculate allele frequencies 
across the genome (see “SNP-calling analysis” 
section). This allowed us to identify a single 
large introgression from HK104 on Chr. II (~O 
to 10 Mb; Fig. 1B) in an otherwise AF16 back- 
ground. We then isolated 50 independent 
NILs from the 16x backcrossed generation by 
picking individual L4-stage hermaphrodites 
and allowing them to self-fertilize. The intro- 
gressions carried by each NIL were roughly 
mapped using a combination of previously 
published (29) and newly identified marker 
indels (table S5) across Chr. III that had a large 
enough size difference in the AF16 and HK104 
genomes to be visualized by PCR and gel 
electrophoresis. We identified two particularly 
useful NILs (NIL1 and NIL2) that had partially 
overlapping introgressions, but both carried 
the HK104 TA (fig. S1, A to C). The exact mar- 
gins of the overlap between NIL1 and NIL2 
were determined by Illumina short-read se- 
quencing, alignment of each dataset to the 
AFI16 genome, and manual inspection of SNPs 
using Integrative Genomics Viewer (Chr. III: 
4.94 to 6.75 Mb in AF16 coordinates). NIL1 was 
used for all further experiments and carries a 
3.24-Mb introgression (Chr. III: 3.51 to 6.75 Mb; 
fig. SIB). To further narrow the candidate region, 
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we analyzed existing AF16 x HK104 RILs that 
had different recombination breakpoints across 
the introgression (Fig. 1C) by genotyping them 
for the same Chr. III markers and also crossing 
them to AF16 and analyzing their F, progeny 
for developmental delay to determine whether 
they carried the HK104 TA. We then used our 
HK104 de novo assembled genome (see “Genome 
assembly and annotation” section) to establish 
a list of predicted genes within the overlap 
region, and narrowed the list of candidates 
first based on their gene expression during 
embryonic development using our RNA-seq 
data from both HK104 and AF16 (see “RNA 
extraction and RNA-seq” section). After filter- 
ing for genes that were expressed in HK104 
and not expressed in AF16 (or, if expressed, 
highly divergent), we then searched for pairs 
of candidates that were immediate neighbors 
or in tight linkage to each other (table $2). Only 
one pair of genes, ORF14767 and ORFI4768, 
satisfied all criteria. Because of its high expres- 
sion level, ORF14767 was subsequently targeted 
with CRISPRs to generate knockout alleles 
(see “Generation of C. briggsae near-isogenic 
and mutant lines” section). ORF14767 mutants 
were tested in genetic crosses as described 
previously (23) to confirm that ORF14767 is the 
toxin-encoding gene. All mutant lines are de- 
scribed in detail in table S3. 


SNP-calling analysis 


The reads were aligned to the reference 
genome using SAMtools v1.10. Duplicates 
were removed using sambamba v0.6.6. Var- 
iants were called using GATK v4.0.1.2. Var- 
iants were quality filtered with a threshold of 
QUAL = 200. Fractions of reads supporting 
one or another allele were estimated using 
custom R script. All scripts are available upon 
request. 


Annotation of MULE transposases and 
phylogenetic reconstruction 


For the annotation of MULE transposase 
catalytic domains, we used OrthoFinder v2.5.4 
with default settings (83). As an input, we used 
a combination of genomes generated in this 
study and those available in two public data- 
bases: Caenorhabditis Genomes Project (V1) 
and Wormbase Parasite (WBPS16). After ob- 
taining the MULE transposase orthogroup, we 
exclusively kept the MULE catalytic domains, 
and sequences below 100 amino acids were 
removed. After filtering, we obtained 161 MULE 
catalytic transposase sequences. Then, the 
sequences were aligned with MAFFT v.7.427 
with default options (84). With the purpose of 
removing spurious sequences, we used trimAL 
(85) with the following options: -resoverlap 
0.75 -seqoverlap 80. To build the phylogeny, 
we used IQ-TREE v.1.6.12 (86) with the follow- 
ing parameters: -st AA -m TESTNEW -bb 1000 
-alrt 1000. The phylogenetic tree was colored 
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using the interactive Tree Of Life (iTOL soft- 
ware v6.5.7) (87). 


De novo protein structure prediction 
and analyses 


We predicted protein structures using Alpha- 
Fold2 (33) and RoseTTAfold. AlphaFold2 was 
run using the ColabFold AlphaFold2_advanced 
notebook implementation in Google Colabor- 
atory (88). For multiple sequence alignment, 
we selected the mmseqs2 option. Models were 
ranked based on pLDDT, and only the best 
ranked out of five models was selected for fur- 
ther analysis. We searched for structurally ho- 
mologous proteins in PDB using the DALI server 
(37). Graphics were generated using PyMol 
(The PyMOL Molecular Graphics System v2.5, 
Schrédinger) Protein alignment statistics for 
the selected pairs were generated with TM- 
align (89) and PyMol using the super algorithm 
for protein pairs with high sequence identity 
and cealign for protein pairs with low sequence 
identity. We estimated and plotted the evolu- 
tionary conservation of MSFT-1 residues using 
the ConSurf server (90). 


Horizontal gene transfer analysis of msft-1 


We first obtained genome-wide single-copy 
orthologs from C. briggsae HK104, C. plicata, 
C. parvicauda, and C. auriculariae using 
OrthoFinder v2.5.4 (83). We selected these 
three additional species because they carried 
proteases that were most closely related to 
msft-1. The sequences for each pair of ortho- 
logs were codon aligned using MACSE v2.04 
software (91). To discriminate between ver- 
tical and horizontal gene transfer, we then 
used the vertical and horizontal inheritance 
consistence analysis (VHICA) method, which 
is implemented in the vhica R package (55). 


Annotation of WOSP proteases and KRMA 
kinases and phylogenetic reconstruction 


For the annotation of WOSP proteases and 
KRMA kinases protein families, we used 
OrthoFinder v2.5.4 with default settings 
(83). As an input, we used a combination of 
genomes generated in this study and those 
available in Caenorhabditis Genomes Project 
V1 and V2 and WBPSI16. Proteins identified 
were randomly assigned a WOSP and KRMA 
number in each species irrespective of orthology 
between species (n = 235 total wosp genes, n = 
531 total krma genes). Given the modularity of 
the N- and C-terminal domains of WOSP and 
KRMA proteins, the N-terminal ubiquitin-like 
domains were removed from sequences and 
phylogenetic reconstruction was performed on 
only the remaining protease or kinase domain- 
containing peptides, respectively (n = 182 
WOSP proteins, m = 451 KRMA proteins). 
Sequences with fewer than 100 amino acids 
were removed. Orthogroups for each family 
were then aligned with MAFFT v.7.427 with 
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default options (84). To increase the phyloge- 
netic signal from our protein alignment, we 
used trimAl v.1.4.1 to remove spurious sequen- 
ces from the input alignment (85). trimAL was 
run with the following options for the WOSP 
family: -resoverlap 0.75 -seqgoverlap 80. We then 
used IQ-TREE v.1.6.12 to build the protein 
phylogenetic tree with the following param- 
eters: -st AA -m TESTNEW -bb 1000 -alrt 
1000 (86, 92, 93). The phylogenies were 
colored using the iTOL v6.5.7 (87). Two outlier 
sequences (Cdol-WOSP-9 and Cotwi-WOSP-1) 
with particularly long branch lengths were 
manually removed from the WOSP protease 
tree in Fig. 5A to better visualize the rest of 
the phylogeny. 


Annotation of Mavericks and 
phylogenetic reconstruction 


We used tblastn (blast+ v.2.8.1) to identify 
highly conserved Maverick genes in the genome 
of all nematode species used in this study (94). 
We used as a query the following genes: ATPase, 
fusogen, integrase, major capsid, minor capsid, 
and PolB. We filtered out tblastn hits with an 
e-value above 0.0001 and those genes that were 
shorter (<60%) than the consensus Maverick 
gene [except for protein-primed type B DNA 
polymerase (pPolB) Maverick genes, sequen- 
ces below 500 bp length were filtered out]. 
We aligned sequences with MUSCLE v.3.8.31 
(default options), and IQ-TREE v.1.6.12 was 
used to build the protein phylogenetic tree 
(86, 92, 93). Unlike Mavericks that are inte- 
grated in the genome of their host (Fig. 5B), 
the C. bovis Maverick was found in a 17,366-bp 
scaffold that corresponds to a circular DNA 
sequence. This Maverick has only one TIR, 
which connects the 3’ end of the pPolb gene 
with the 3’ end of its cargo gene. This circular 
DNA could represent the genome of a virus- 
like particle after excision and recombination 
of the TIRs that flank the Maverick or it could 
be an intermediate state of transposition. 


Genomic association of Mavericks with wosp 
and krma gene families 


We extracted the krma and wosp genomic 
coordinates for every sequence found in each 
of the two orthogroups. We did the same for 
the Maverick genes annotated in the previous 
step. wosp and krma genes considered asso- 
ciated with a Maverick when they were <6 kb 
upstream or downstream from a Maverick 
gene. To estimate the significance of this as- 
sociation, we built a null hypothesis by sim- 
ulating random coordinates across nematode 
genomes. For each iteration (7 = 10,000), we 
randomly generated genomic coordinates 
(1500 bp in length) for each nematode species 
carrying at least one wosp or krma gene. The 
number of genomic coordinates picked for 
each nematode species corresponds to the 
number of wosp or krma genes found in that 
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species. We used bedtools v.2.27.1 (95) to ob- 
tain random coordinates (bedtools random -l 
1500 -n ${number_interval} -g ${genome}). 
Then, we tested whether these random regions 
were associated with Mavericks, as we did for 
wosp and krma gene families. P values were 
estimated by comparing observed frequency 
and expected frequency based on the 10,000 
simulations. To compare terminal branch length 
between wosp and krma genes that were as- 
sociated or not with Mavericks, we obtained 
these values from the estimated protein phy- 
logenies using the R package ape (96). 


Comparison of GC content and codon usage 


We concatenated the coding sequences of all 
nematode host genes, wosp and krma genes, 
and ORFs of Maverick genes of the following 
species: C. briggsae (HK104), C. plicata, 
C. parvicauda, and C. auriculariae. The se- 
quences were loaded in R with the package 
Biostrings (97). For the codon usage bias 
analysis, we used the synonymous codon 
usage orderliness (SCUO) statistic implemented 
in the R package coRdon (98), and for the GC 
content analysis, a homemade script was used. 
To show the different GC content of Maverick 
genes and Maverick cargo genes with respect 
to the rest of the genome, we estimated the GC 
content in a sliding window manner (window 
size of 600 bp) in two nematodes, C. plicata 
and C. wallacei, in a genomic region (~100 kb) 
in which a complete Maverick is located (Fig. 5C). 
For C. auriculariae and O. tipulae, we extracted 
a genomic region of ~500 kb (fig. S22). 


Genomic alignments 


Sequence alignments of genomic regions 
containing MULEs and Mavericks were 
generated using Minimap2 (99). We obtained 
pairwise sequence alignments using the fol- 
lowing parameters: -X -N 50 -p 0.1 -c. Final 
plots were generated using the gggenomes R 
package (https://github.com/thackl/gggenomes). 
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NEUTRINO ASTROPHYSICS 


Observation of high-energy neutrinos from the 
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The origin of high-energy cosmic rays, atomic nuclei that continuously impact Earth’s atmosphere, is 
unknown. Because of deflection by interstellar magnetic fields, cosmic rays produced within the Milky 
Way arrive at Earth from random directions. However, cosmic rays interact with matter near their 
sources and during propagation, which produces high-energy neutrinos. We searched for neutrino 
emission using machine learning techniques applied to 10 years of data from the IceCube Neutrino 
Observatory. By comparing diffuse emission models to a background-only hypothesis, we identified 
neutrino emission from the Galactic plane at the 4.5c level of significance. The signal is consistent with 
diffuse emission of neutrinos from the Milky Way but could also arise from a population of unresolved 


point sources. 


he Milky Way emits radiation across the 

electromagnetic spectrum, from radio 

waves to gamma rays. Observations at 

different wavelengths provide insight into 

the structure of the Galaxy and have iden- 
tified sources of the highest-energy photons. 
For gamma rays with energies above 1 GeV, 
the plane of the Milky Way is the most prom- 
inent feature visible on the sky (Fig. 1B). Most 
of this observed gamma-ray flux consists of 
photons generated by the decay of neutral 
pions (n°), themselves produced by cosmic 
rays (high-energy charged particles) collid- 
ing with the interstellar medium within the 
Milky Way Galaxy (1). 

Photons can also be produced from inter- 
actions of energetic electrons with interstellar 
photon fields or be absorbed by ambient in- 
terstellar matter, so other messengers are 
needed to determine the cosmic-ray inter- 
actions and acceleration sites in the Galaxy. 
In addition to neutral pions, cosmic-ray inter- 
actions also produce charged pions. Charged 
pions produce neutrinos when they decay. 
Unlike photons, neutrinos rarely interact 
on their way to Earth, so they directly trace 
the location and energetics of the cosmic- 
ray interactions. 

Because both gamma rays and neutrinos 
arise from the decay of pions, a diffuse neu- 
trino flux concentrated along the Galactic 
plane has been predicted (2-5). The expected 
tera-electron volt energy neutrino flux is shown 
in Fig. 1D, calculated from the giga-electron 
volt gamma-ray observation (7). In addition to 
the predicted diffuse emission, the Milky Way 
is densely populated with numerous high- 
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energy gamma-ray point sources (also visible 
in Fig. 1B), several classes of which are po- 
tential cosmic-ray accelerators and therefore 
possible neutrino sources (6-10). This makes 
the Galactic plane an expected location of 
neutrino emission. 

Previous searches for this signal by using 
neutrino detectors (11-14) have not found a 
statistically significant signal (P values =0.02). 
The development of deep learning techniques 
in data science has produced tools (15-17) that 
can identify a larger number of neutrino inter- 
actions in detector data, with improved angu- 
lar resolution over earlier methods. We applied 
these deep learning tools to data from the 
IceCube Neutrino Observatory to search for 
evidence of neutrino emission from the Galac- 
tic plane. 


Cascade events in IceCube 


The IceCube Neutrino Observatory (18), located 
at the South Pole, is designed to detect high- 
energy (21 TeV) astrophysical neutrinos and 
identify their sources. The detector construc- 
tion, which deployed instruments within a 
cubic kilometer of clear ice, was completed 
in 2011; 5160 digital optical modules (DOMs) 
were placed at depths between 1.5 and 2.5 km 
below the surface of the Antarctic glacial ice 
sheet. Neutrinos are detected through Cheren- 
kov radiation, emitted by charged secondary 
particles that are produced by neutrino inter- 
actions with nuclei in the ice or bedrock. Be- 
cause of the large momentum transfer from 
the incoming neutrino, the directions of sec- 
ondary particles are closely aligned with the 
incoming neutrino direction, enabling the iden- 
tification of the neutrino’s origin. 

The two main detection channels are cas- 
cade and track events. Cascades are short- 
ranged particle showers, predominantly from 
interactions of electron neutrino (v,) and tau 
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interactions of all three neutrino flavors\..- 
muon neutrino (v,), and v,] on nuclei. Be- 
cause the charged particles in cascade events 
travel only a few meters, these energy deposi- 
tions appear almost point-like to IceCube’s 
125-m (horizontal) and 7- to 17-m (vertical) 
instrument spacing. This results in larger di- 
rectional uncertainties than tracks. Tracks are 
elongated energy depositions (often several 
kilometers long), which arise predominantly 
from muons generated in cosmic-ray particle 
interactions in the atmosphere or muons pro- 
duced by interactions of v, with nuclei. The 
energy deposited by cascades is often con- 
tained within the instrumented volume (un- 
like tracks), which provides a more complete 
measure of the neutrino energy (19). 

Searches for astrophysical neutrino sources 
are affected by an overwhelming background 
of muons and neutrinos produced by cosmic- 
ray interactions with Earth’s atmosphere. At- 
mospheric muons dominate this background; 
IceCube records about 100 million muons for 
every observed astrophysical neutrino. Whereas 
muons from the Southern Hemisphere (above 
IceCube) can penetrate several kilometers deep 
into the ice, muons from the Northern Hemi- 
sphere (below IceCube) are absorbed during 
passage through Earth. Because of this shield- 
ing effect, and the superior angular resolution 
of tracks over cascades (<1° compared with 
<10°, respectively; both above 10 TeV), searches 
for neutrino sources that use IceCube typically 
rely on track selections, making them most 
sensitive to astrophysical sources in the North- 
ern sky (20). 

The Galactic Center, as well as the bulk 
of the neutrino emission expected from the 
Galactic plane, is located in the Southern sky 
(Fig. 1, C and D). To overcome the muon back- 
ground in the Southern sky, analyses of IceCube 
data often use events in which the neutrino 
interaction is observed within the detector 
(21, 22). The selection of these events greatly 
reduces the background rate of cosmic-ray 
muons that enter the instrumented volume 
from the Southern sky. Unlike these atmo- 
spheric muons, atmospheric neutrinos (23) 
generally cannot be distinguished (by their in- 
teractions in the detector) from astrophysical 
neutrinos. Nevertheless, with increasing ener- 
gy, an increasing fraction of the atmospheric 
neutrinos from the Southern sky (above IceCube) 
can be excluded by eliminating events with 
simultaneous muons that originate from the 
same cosmic-ray air-shower that produced the 
atmospheric neutrino (24, 25). At the tera- 
electron volt energies relevant for searches of 
Galactic neutrino emission, the majority of 
these atmospheric neutrinos remain as a sub- 
stantial background in searches for astrophys- 
ical neutrinos. This background is dominated 
by muon neutrinos, which are largely detected 
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Fig. 1. The plane of the Milky Way Galaxy in photons and neutrinos. (A) to 
(E) are in Galactic coordinates, with the origin being at the Galactic Center, 
extending +15° in latitude and +180° in longitude. (A) Optical color image (39), 
which is partly obscured by clouds of gas and dust that absorb optical photons. 
[Credit: A. Mellinger, used with permission.] (B) The integrated flux in gamma 
rays from the Fermi Large Area Telescope (Fermi-LAT) 12-year survey (40) 

at energies greater than 1 GeV, obtained from the Fermi Science Support Center 
and processed with the Fermi-LAT ScienceTools. (C) The emission template 
calculated for the expected neutrino flux, derived from the n° template that 
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matches the Fermi-LAT observations of the diffuse gamma-ray emission (1). 
(D) The emission template from (C), after including the detector sensitivity to 
cascade-like neutrino events and the angular uncertainty of a typical signal event 
(7°, indicated by the dotted white circle). Contours indicate the central regions 
that contain 20 and 50% of the predicted diffuse neutrino emission signal. 

(E) The pretrial significance of the IceCube neutrino observations, calculated 
from the all-sky scan for point-like sources by using the cascade neutrino event 
sample. Contours are the same as in (D). Gray lines in (C) to (E) indicate the 
northern-southern sky horizon at the IceCube detector. 


as tracks in IceCube. The selection of cascade 
events instead of track events therefore reduces 
the contamination of atmospheric neutrinos— 
by about an order of magnitude at tera-electron 
volt energies—and permits the energy thresh- 
old of the analysis to be lowered to about 1 TeV. 

In the Southern sky, the lower background, 
better energy resolution, and lower energy 
threshold of cascade events compensate for 
their inferior angular resolution, compared 
with those of tracks. This is particularly true for 
searches for emission from extended objects, 
such as the Galactic plane, for which the size 
of the emitting region is larger than (or similar 
to) the angular resolution. Compared with 
track-based searches, cascade-based analyses 
are more reliant on the signal purity and less 
on the angular resolution of individual events. 
We therefore expect analyses based on cascades 
to have substantially better sensitivity to ex- 
tended neutrino emission in the tera-electron 
volt energy range from the Southern sky. 


Application of deep learning to cascade events 


To identify and reconstruct cascade events in 
IceCube, we used tools based on deep learn- 
ing. These tools are designed to reject the 
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overwhelming background from atmospheric 
muon events, then to identify the energies and 
directions of the neutrinos that generated the 
cascade events. IceCube observes events at a 
rate of about about 2.7 kHz (18), arising mostly 
from background events (atmospheric muons 
and atmospheric neutrinos) that outnumber 
signal events (astrophysical neutrinos) at a 
ratio of roughly 10°:1. To search for neutrino 
sources, event selection was required to im- 
prove the signal purity by orders of magnitude. 

Previously used event selections for cascade 
events (22, 26, 27) relied on high-level observ- 
ables, such as the event location within the 
IceCube volume and total measured light levels, 
to reduce the initial data rate. In subsequent 
selection steps, more computing-intensive se- 
lection strategies were performed, such as the 
definition of veto regions within the detector, 
to further reject events identified as incoming 
muons. We adopted a different approach, 
using tools based on convolutional neural net- 
works (CNNs) (15, 28) to perform event selec- 
tions. The high inference speed of the neural 
networks (milliseconds per event) allowed us 
to use a more complex filtering strategy at 
earlier stages of the event selection pipeline. 
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This retains more low-energy astrophysical 
neutrino events (Fig. 2) and includes cascade 
events that are difficult to reconstruct and dis- 
tinguish from background because of their lo- 
cation at the boundaries of the instrumented 
volume or in regions of the ice with degraded 
optical clarity (from higher concentrations of 
impurities in the ice). 

After the selection of events, we refined 
event properties, such as the direction of the 
incoming neutrino and deposited energy, using 
the patterns of deposited light in the detector. 
The likelihood of the observed light pattern 
under a given event hypothesis was maximized 
to determine the event properties that best 
describe the data. For this purpose, we used 
a hybrid reconstruction method (J6, 17) that 
combines a maximum likelihood estimation 
with deep learning. In this approach, we used 
a neural network (NN) to parameterize the 
relationship between the event hypothesis 
and expected light yield in the detector. This 
smoothly approximates a (more computation- 
ally expensive) Monte Carlo simulation while 
avoiding the simplifications that limit other 
reconstruction methods (19, 29). Starting with 
an event hypothesis, the NN models the photon 
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Fig. 2. Neutrino effective area and event selection comparison. (A) The all-flavor southern sky effective area 
(As) of the IceCube dataset, averaged over a solid angle in the declination (5) range between —90° and —5° 

as a function of E,, the true neutrino energy. Results are shown for the deep learning event selection used in this 
work (dark blue), a previous cascade event selection (light blue) (12), and a previous track event selection (gray) 
(20) applied to the IceCube data. (B) The number of expected signal events (Nastro) in the Southern sky per 
energy bin per year for each event selection, assuming an isotropic astrophysical flux (22). Calculations are based 
on equal contributions of each neutrino flavor at Earth because of neutrino oscillations. 


yield at each DOM. Symmetries (such as rota- 
tion, translation, and time invariance of the 
neutrino interaction) and detector-specific do- 
main knowledge are exploited by directly in- 
cluding them in the network architecture, which 
is analogous to how a Monte Carlo simulation 
would exploit this information. This differs 
from previous CNN-based methods used in 
neutrino telescopes (15), which inferred the 
event properties directly from the observed 
data. However, the observed IceCube data 
are already convolved with detector effects, 
making it difficult to exploit the underlying 
symmetries. Our hybrid method is intended 
to provide a more complete use of available 
information. A description of the hybrid meth- 
od has been published previously (/6), and 
we discuss its application to our dataset (30). 

We found that this deep learning event se- 
lection retains more than 20 times as many 
events as that retained with the selection meth- 
od used in the previous cascade-based Galactic 
plane analysis of IceCube data (Fig. 2) (72). It 
also provides improved angular resolution, by 
up to a factor of 2 at tera-electron volt energies 
(fig. S5) (16). The increased event rate is mostly 
due to the reduced energy threshold and the 
inclusion of events near the boundaries of 
the instrumented volume (fig. S3). We analy- 
zed 10 years of IceCube data, collected be- 
tween May 2011 and May 2021. A total of 
59,592 events were selected over the entire 
sky in the energy range of 500 GeV to several 
peta-electron volts, compared with 1980 events 
from 7 years in the previous selection (12). We 
estimate that the remaining sample has an 
atmospheric muon contamination of about 6% 
(30), whereas the astrophysical neutrino con- 
tribution is estimated to about 7%, assuming 
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the observed flux (22). The remaining 87% of 
the events are atmospheric neutrinos. These 
fractions are not used in the analysis directly; 
instead, we used the entire sample to derive a 
data-driven background estimate. 


Searches for Galactic neutrino emission 


We used this event selection to perform 
searches based on several neutrino emission 
hypotheses (30). For each hypothesis, we used 
a previously described maximum likelihood- 
based method (31), modified to account for 
signal contamination in the data-derived back- 
ground model (11, 12). These techniques, decided 
a priori and blind to the reconstructed event 
directions, infer the background from the data 
itself, avoiding the uncertainties introduced by 
background modeling. We calculated P values 
by comparing the experimental results with 
mock experiments performed on randomized 
experimental data. The backgrounds for these 
searches—consisting of atmospheric muons, 
atmospheric neutrinos, and the flux of ex- 
tragalactic astrophysical neutrinos—are each 
largely isotropic. The rotation of Earth ensures 
that for a detector located at the South Pole, 
the detector sensitivity to neutrinos at differ- 
ent right ascensions is fairly uniform in each 
declination band. Therefore, we estimated back- 
grounds by scrambling the right ascension 
value of each event, preserving all detector- 
specific artifacts in the data. Any systematic 
differences between the modeling of signal 
hypotheses and the true signal could reduce 
the sensitivity of our search but would not 
invalidate the resulting P values. 

The source hypothesis tests were defined a 
priori. They include tests for the diffuse emis- 
sion expected from cosmic rays interacting 
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with the interstellar medium in the Galactic 
plane, tests that use catalogs of known Galac- 
tic sources of tera-electron volt gamma rays, 
and a test for neutrino emission from the 
Fermi Bubbles (large areas of diffuse gamma- 
ray emission observed above and below the 
Galactic Center) (32). We also performed an all- 
sky point-like source search and a test for emis- 
sion from a catalog of known giga-electron volt 
(mostly extragalactic) gamma-ray emitters (sup- 
plementary text). The results for each test (30) 
are summarized in Table 1. 


Galactic plane neutrino searches 


We tested three models of Galactic diffuse 
neutrino emission, extrapolated from the ob- 
servations in gamma rays (Fig. 1B). These mod- 
els are referred to as n°, KRA®, and KRA?? (33) 
and are each derived from the same under- 
lying gamma-ray observations (7). The model 
predictions depend on the distribution and 
emission spectrum of cosmic-ray sources in 
the Galaxy, the properties of cosmic-ray diffu- 
sion in the interstellar medium, and the spa- 
tial distribution of target gas. Each neutrino 
emission model was converted to a spatial tem- 
plate, then convolved with the detector ac- 
ceptance and the event’s estimated angular 
uncertainty, to produce an event-specific spatial 
probability density function (shown for a typical 
event angular uncertainty of 7° in Fig. 1D). 

The x° model assumes that the mega-electron 
volt-to-giga-electron volt x° component, infer- 
red from the gamma-ray emission, follows a 
power law in photon energy (£) of E” and 
can be extrapolated to tera-electron volt en- 
ergies with the same spatial emission profile. 
The KRA, models include a variable spectrum 
in different spatial regions, use a harder (on 
average) neutrino spectrum than that of the x° 
model, and include a spectral cutoff at the 
highest energies (33). In this analysis, the KRA, 
models are tested with a template that uses a 
constant, model-averaged spectrum over the 
sky, roughly corresponding to an E*° power 
law, with either a 5 or 50 PeV cosmic-ray en- 
ergy cutoff for the KRA® and 50 models, 
respectively. The KRA, models predict more 
concentrated neutrino emission from the Ga- 
lactic Center region, whereas the x° model 
predicts events more evenly distributed along 
the Galactic plane. The corresponding neutrino 
spectrum predicted by each of these models has 
a cutoff at about 10 times lower energies. 

We performed Galactic template searches 
with the same methods as those of previous 
Galactic diffuse emission searches (11, 12). 
Because of the uncertainties in the expected 
distribution of sources, and their emission spec- 
trum and cosmic-ray diffusion, we make no 
assumption about the absolute model nor- 
malization. Instead, the analyses include an 
unconstrained free parameter for the number 
of signal events (n,) in the entire sky, which 
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Fig. 3. Galactic plane test-statistic contributions. The contribution to the test-statistic t is shown in galactic coordinates (longitude / and latitude b) for each of 
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model for the observed data. (D to F) The contributions of each model for a single randomly selected mock experiment by using scrambled data. In (A) to (F), 
contours enclose 20% (white) and 50% (gray) of the predicted model flux; for the x° model, these are the same as in Fig. 1, D and E. The 50% contours contain about 
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provides flux normalization, while keeping the 
spectrum fixed to the model. Results for each 
model are summarized in Table 1. We rejected the 
background-only hypothesis with significances 
of 4.710, 4.376, and 3.960 for the x°, KRA’, and 
50 models, respectively. Although these 
three hypotheses are correlated, we applied a 
conservative trial factor of 3 to the most signif- 
icant of these values, leading to a trial-corrected 
P value equivalent to a significance of 4.4860. 
The best-fitting fluxes are also listed in Table 1. 
The flux normalization of the n° model is 
quoted at 100 TeV, assuming a single power 
law; however, the KRA, models have a more 
complex spectral prediction and are therefore 
quoted as multiples of the predicted model 
flux. These fluxes correspond to best-fitting 
values of 748, 276, and 211 signal events (7,) 
in the IceCube dataset for the x°, KRA’, and 
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KRA*° models, respectively. A visualization 
of the template results is shown in Fig. 3, A 
to C, in the form of a map of the per-steradian 
contribution to the results in the sky region 
near the Galactic Center for each of the Ga- 
lactic plane models. Similar maps for a ran- 
domly selected mock experiment are also 
shown for comparison (Fig. 3, D to F). 

An all-sky point source search was also per- 
formed (supplementary text), in which the sky 
was divided into a grid of equal solid-angle 
bins, spaced 0.45° apart, and each point was 
tested as a neutrino point source. The resulting 
significances are shown in Fig. 4. Some loca- 
tions have excess emission over the background 
expectations, including some in spatial coinci- 
dence with known gamma-ray emitters, such as 
the Crab Nebula, 3C 454.3, and the Cygnus X 
region. However, after accounting for trial fac- 
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Fig. 4. All-sky point source search. A map of 

the best-fitting pretrial significance for the all-sky 
search, shown on an Aitoff projection of the celestial 
sphere, in equatorial coordinates (J2000 equinox). 
The Galactic plane is indicated with a grey curve, 
and the Galactic Center is indicated with a gray 
dot. Although some locations appear to have 
significant emission, the trial factor for the number 
of points searched means that these points are 

all individually statistically consistent with 
background fluctuations. 


tors, no single point in the map is statistically 
significant (Table 1). This also implies that the 
emission that is present in the Galactic template 
analyses is not due to a single point source. 


Searches using catalogs of Galactic sources 


The total gamma-ray signal from the Galactic 
plane includes a contribution from several 
strong gamma-ray point sources (1). We there- 
fore searched for correlated neutrino emission 
from three distinct catalogs of Galactic sources. 
Previous work had classified each source as a 
supernova remnant (SNR), pulsar wind nebula 
(PWN), or other unidentified (UNID) Galactic 
source, based on observations in tera-electron 
volt gamma rays (34, 35). Under the assump- 
tion that multiple sources in each class emit 
neutrinos, stacking these sources in a single 
analysis provides higher sensitivity compared 
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Fig. 5. Energy spectra for 
each of the Galactic plane 
models. Energy-scaled, sky- 
integrated, per-flavor neutrino 
flux is shown as a function of 
neutrino energy (E,) for each of 
the Galactic plane models. 
Dotted lines are the predicted 
values for the x° (dark blue), 
KRA® (orange), and KRA-” (light 
blue) models. Solid lines are our 
best-fitting flux normalizations 
from the IceCube data. Shaded 
egions indicate the lo uncer- 
tainties; they extend over the 
energy range that contributes 
to 90% of the significance. 
These results are based on the 
all-sky (4x sr) template and are 
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Table 1. Summarized results of the neutrino emission searches. The flux sensitivity and best-fitting 
flux normalization (®) are given in units of model flux (MF) for the KRA, templates and for the n° analyses 
as FE? aN at 100 TeV, in units of 10 TeV cm? s (where an is the differential number of neutrinos per 
flavor, N, and neutrino energy, £). P values and significances are calculated with respect to the 
background-only hypothesis. Pretrial P values for each individual result are listed for the three diffuse 
Galactic plane analyses and three stacking analyses, and posttrial P values are given for the other analyses 
(supplementary text). Because of the spatial overlap of the stacking catalogs with the diffuse Galactic 
plane templates, strong correlations between these searches are expected. More detailed results for each 


search are provided in tables S1 to S65. 


Flux sensitivity ® 


P value Best-fitting flux ® 


Diffuse Galactic plane analysis 


O.11 x MF 


0.55408 5 MF 


3.72 x 10° (3.960) 0.377 on x MF 


5.90 x 10-4 (3.246)* 


3.39 x 10-4 (3.406)* 


Hotspot (south) 


0.06 (1.520) 


0.28 (0.586) 


0.46 (0.100) 


*Significance values that are consistent with the diffuse Galactic plane template search results. 


with individual source searches, because the 
neutrino fluxes add together, whereas random 
background adds incoherently (36). The ob- 
jects in each catalog were selected according 
to the observed gamma-ray emission above 
100 GeV and the detector sensitivity, following 
previously described methods (20). We chose 
the 12 sources from each category with the 
strongest expected neutrino flux and weighted 
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them under the hypothesis that each contrib- 
utes equally to the flux (supplementary text). 
The total number of signal events and the 
spectral index are left as free parameters for 
each catalog search. The resulting P value for 
each catalog search is shown in Table 1. Each 
result rejects the background-only hypothesis 
at the 30 level or above. However, we do not 
interpret these neutrino event excesses as a 
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detection because the objects in these Galactic 
source catalogs overlap spatially with regions 
that predict the largest neutrino fluxes in the 
Galactic plane diffuse emission searches. 


Implications of Galactic neutrinos 


The neutrino flux we observed from the Galac- 
tic plane could arise from several different 
emission mechanisms. The predicted energy 
spectra integrated over the entire sky is shown 
in Fig. 5 for each of the Galactic plane models 
and their best-fitting flux normalization. Model- 
to-model flux comparisons depend on the 
regions of the sky considered. The KRA, best- 
fitting flux normalizations are lower than pre- 
dicted, which could indicate a spectral cutoff 
that is inconsistent with the 5 and 50 PeV 
values assumed. The simpler extrapolation of 
the x° model from giga-electron volt energies 
to 100 TeV predicts a neutrino flux that is a 
factor of ~5 below our best-fitting flux. How- 
ever, the best-fitting flux for the x° model ap- 
pear to be consistent with recent observations 
of 100-TeV gamma rays by the Tibet Air Shower 
Array (fig. S8) (37). The x° model mismatch 
could arise from propagation or spectral differ- 
ences for cosmic rays in the Galactic Center 
region, or from contributions from unresolved 
neutrino sources. 

We used model injection tests to quantify 
the ambiguity between different source hy- 
potheses. In these tests, the best-fitting neu- 
trino signal from one source search was 
simulated, then the expected results in all 
other analyses were examined. Injecting a 
signal from the x° model analysis, with a flux 
normalization equal to the best-fitting value 
from the observations, produces a median sig- 
nificance that is consistent with the best-fitting 
values for all other tested hypotheses (within 
the expected statistical fluctuations). This in- 
cludes the 30 excess observed in Galactic source 
catalog searches. Individually injecting the 
best-fitting flux of any one of the tested Ga- 
lactic source catalogs, at the flux level observed, 
did not recover the observed n° or KRA, model 
results. However, the angular resolution of the 
sample and the small number of equally 
weighted sources included in these catalogs 
does not constrain emissions from these broad 
source populations. It is plausible that many 
independently contributing sources from the 
Galactic plane could show a similar result to 
diffuse emission from interactions in the inter- 
stellar medium. These tests favor a neutrino 
signal from Galactic plane diffuse emission, 
but we do not have sufficient statistical power 
to differentiate between the tested emission 
models or identify embedded point sources. 

The neutrinos observed from the Galactic 
plane contribute to the all-sky astrophysical 
diffuse flux previously observed by IceCube 
(Fig. 5) (21, 22, 38). The fluxes we infer for each 
of the Galactic template models contribute 
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~6 to 13% of the astrophysical flux at 30 TeV. 
These comparisons are complicated because 
of different spectral assumptions and tested 
energy ranges used in each analysis. Addition- 
ally, the observed Galactic flux is integrated 
over the entire sky, so local emission along the 
central region of the Galactic Plane contrib- 
utes a higher fraction to the total flux. 

The observed excess of neutrinos from the 
Galactic plane provides strong evidence that 
the Milky Way is a source of high-energy neu- 
trinos. This evidence is consistent with the 
expected interactions of cosmic rays within 
the Galaxy, as established with gamma-ray mea- 
surements. It complements IceCube’s measure- 
ments of the diffuse extragalactic flux to provide 
a more complete picture of the neutrino sky. 
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Agricultural expansion raises groundwater and 
increases flooding in the South American plains 


Javier Houspanossian’*+, Raul Giménez*, Juan |. Whitworth-Hulse?, Marcelo D. Nosetto™?, 
Wlodek Tych*, Peter M. Atkinson‘, Mariana C. Rufino*®, Esteban G. Jobbagy’*+ 


Regional effects of farming on hydrology are associated mostly with irrigation. In this work, we show 
how rainfed agriculture can also leave large-scale imprints. The extent and speed of farming 
expansion across the South American plains over the past four decades provide an unprecedented case 
of the effects of rainfed farming on hydrology. Remote sensing analysis shows that as annual crops 
replaced native vegetation and pastures, floods gradually doubled their coverage, increasing their 
sensitivity to precipitation. Groundwater shifted from deep (12 to 6 meters) to shallow (4 to O meters) 
states, reducing drawdown levels. Field studies and simulations suggest that declining rooting 

depths and evapotranspiration in croplands are the causes of this hydrological transformation. These 
findings show the escalating flooding risks associated with rainfed agriculture expansion at 


subcontinental and decadal scales. 


lobal demand for grain is leading to 

the replacement of large areas of South 

America’s native grasslands and forests 

as well as cultivated pastures by agri- 

cultural crops, mainly soybean (1-3), 
providing sustainability and environmental 
challenges. Currently, the area covered by an- 
nual crops throughout the continent expands 
at a rate of 2.1 Mha year | (J), particularly in 
the sedimentary plains of the Pampas tem- 
perate grasslands and the Gran Chaco sub- 
tropical forests (4). Flanked by the Andes to 
the west and the Brazilian shield to the east, 
this region represents one of the flattest and 
most hydrologically stagnant plains on the 
planet (5, 6). Such flat sedimentary settings 
host some of the best farming soils on Earth, 
and their hydrology is particularly sensitive 
to water balance shifts introduced by land 
and water use changes (7, 8). Thus, the ex- 
pansion of agriculture on these plains at such 
arate and scale provides both a sustainability 
challenge and an outstanding experimental 
setting to explore vegetation’s role in mod- 
ifying hydrology. This includes the effects of 
shifts in the magnitude and timing of water 
demand by cultivated canopies as well as the 
changing depths of soil explored by rooting 
systems (9). 

Crop irrigation has introduced some of the 
most prominent, large-scale hydrological trans- 
formations on Earth, including substantial 
water table level rises when surface water is 


1Grupo de Estudios Ambientales, CONICET, San Luis, 
Argentina. Departamento de Geologia, National University of 
San Luis, San Luis, Argentina. Catedra de Climatologia 
Agricola, Universidad Nacional de Entre Rios, Entre Rios, 
Argentina. “Lancaster Environment Centre, Lancaster 
University, Lancaster, UK. °Livestock Systems, TUM School 
of Life Sciences, Technical University Munich, Freising, 
Germany. 

*Corresponding author. Email: jhouspa@gmail.com (J.H.); 
jobbagy@gmail.com (E.G.J.) 

tThese authors contributed equally to this work. 


Houspanossian et al., Science 380, 1344-1348 (2023) 


the major source and groundwater deple- 
tion when its use gains predominance (10, 11), 
as detected at continental scales with remote 
sensing tools (72, 73). By contrast, subtle changes 
in rainfed cultivation can also cause water 
excess and water table level rises (7, 8) ob- 
servable at local scales and associated with 
regional land degradation processes by water- 
logging and salinization of both croplands 
and natural vegetation relicts in western Aus- 
tralia (74), the Sahel (75, 16), and, more re- 
cently, the South American Pampas (17) and 
the Chaco (78). In this study, we present evi- 
dence of such a process taking place at a sub- 
continental scale in the central plains of South 
America, revealing the critical role that vege- 
tation plays in hydrology there and, likely, 
over the water storage and fluxes of other 
major sedimentary plains across the globe. 
Hydrological shifts and their link to land use 
change are characterized by a continental- 
scale remote sensing analysis of flooding trends 
and exploration of their spatial drivers, a re- 
gional description of groundwater level regime 
shifts based on long-term public records, and 
a statistical synthesis of previous local studies 
that compares the effects of contrasting vege- 
tation types on groundwater dynamics. These 
analyses together with simulations using an 
ecohydrological model identify the likely mech- 
anisms that link rainfed cropland expansion 
with rising groundwater levels and increasing 
flooding. 


Shifting hydrological regimes 

We found that the large-scale replacement of 
native vegetation and pastures by rainfed crop- 
lands that has been taking place over the past 
four decades in the major grain-producing 
area of South America was accompanied by 
increasing flooding in time and space. Fine- 
resolution remote sensing imagery shows a 


progressive appearance of clusters of newly 
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water cover for the first time) at a rat--—— 
~700 km? year’ in the central plains that is 
unseen in the rest of the continent (Fig. 1A, 
black line rectangle). Analysis at a coarser 
spatial resolution (0.5° cells for which the pro- 
portion of flooded areas incorporated every 
year was calculated) (table S1 and fig. S1) 
shows that the areas where floods expanded 
are zones of extreme flatness [i.e., height 
above nearest drainage (79) <7 m; darker area 
in Fig. 1A] with a relatively high proportion 
of rainfed cultivation (i.e., agricultural frac- 
tion >25%). Notably, these flooded areas con- 
tinued increasing in size after 2000 (time at 
which the expanding trend of agriculture 
across the plains consolidated), whereas the 
rest of the continent exhibited stable flooding 
conditions throughout 1985 to 2019. Before 
2000, the plains of South America accounted 
for 40% (10.44 Mha) of the total flooded area, , 
with most of it (72%, or 7.52 Mha) located in 
wetlands and other less-cultivated land (table 
S1). By contrast, more than three-quarters of 
the newly flooded areas (i.e., those flooded 
for the first time after 2000) are in the plains, 
and half of these are highly cultivated land 
(1.26 Mha). Boosted regression modeling (BRT) ‘ 
applied to gridded data (water-covered frac- 
tion in 0.5° cells) of the whole continent, con- 
sidering the proportion of flooded territory 
before 2000 (pre-2000) and that flooded for ‘ 
the first time after that year (post-2000), shows 
that wetland area is the strongest explanatory 
covariate with a positive association with flood- 
ing in both periods (33.6 and 32.1% of the 
variance in pre- and post-2000, respectively). 
The fraction of woody vegetation cover shows 
the next-strongest association with flooding, 
being negative in both periods (14.6 and 25.2% 
of the variance in pre- and post-2000, re- 
spectively; figs. S2 to S4). Conversely, although + 
the agricultural fraction is not substantially ‘ 
influential pre-2000, it becomes the third 
variable in importance—explaining 9.9% of 
the variance—post-2000, with a positive asso- 
ciation with flooded area (figs. S4 and S5). The 
importance of agricultural fraction becomes 
stronger when the BRT is restricted to the 
plains of South America, being the second 
variable in importance explaining 19.8% of the 
variance of post-2000 flooding (fig. S5). Accord- 
ing to the BRT analysis, newly flooded areas 
appear only in grid cells with >50% cultivated 
area (figs. S4 and S5). 

Analysis of the evolution of floods within the 
cultivated areas of the central plains reveals 
a gradual incorporation of areas newly cov- 
ered by water following a north-west direc- 
tion. The newly flooded areas expanded away 
from the historically flooded environments, 
known as the Flooding Pampas (boundary 
shown by the black dotted line in Fig. 1C), 
into the drier aeolian landscapes of the western 
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Fig. 1. Changes in the surface 
flooded in South America during 
the past four decades. (A) Initial 
flooded area before 2000 (bubble 
size; 1985 to 1999 time period) and 0°. 
newly flooded area added after 

2000 (bubble color; 2000 to 2019 

time period) across 0.5° grid cells 

in South America based on the 

Landsat Surface Water Cover 

product with 30-m spatial resolu- 

tion. Shades of gray represent the 20° 
terrain topography using height 
above the nearest drainage 
(HAND). (B) Proportion of the area 
occupied by agriculture in 2019 
based on the Copernicus Land 
Cover product, with 100-m spatial 
resolution applied to 0.5° grid cells. 
Inset area of the central plains 40° 
of South America is displayed (black 
rectangle). (€) Detail of the intensive 
agricultural area of the central 

plains of South America in the 

Argentine grain belt and the timing 

of floods (pentad of first flooding 

episode since 1977 based on Land- | 
sat imagery). The locations 

[stations (ST) 1 to 8] of long-term 

public water table level monitoring 30° 
sites used in this study as well as 

aridity index isolines are shown. 

Dotted lines indicate the boundary 

of the subregion that has been 

considered flood prone historically 

(the Flooding Pampas). Dashed lines 
indicate Mar Chiquita Lake and the ae 
Parana river delta. (D to H) Land- 
scape-level detail displaying the pro- 
gression of flooding from 1977 to 

2019 in five sample areas. 


30°: 


35° 


38°S| 


Pampas between the late 1980s and 1990s 
and even to the drier and warmer fluvial and 
aeolian landscapes of the southern Chaco after 
2000 and at a faster rate after 2015 (Fig. 1C). 
Within each of these regions, fine-resolution 
analysis of flood progression reveals concen- 
tric patterns of expanding temporary water 
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bodies within the cultivated landscape (Fig. 1, 
Dto H). In the highly cultivated areas of the 
plains (grid cells with >25% agriculture cover; 
fig. S1) newly flooded areas were annexed in 
the four regional flooding cycles observed 
between 1977 and 2019 (Fig. 2A), reaching a 
maximum area of 3.8 Mha in 2018—almost 
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Agriculture (%) 


100) 0 


doubling the maximum surface flooded in 
the first decade of that period. Although all 
long-lasting flooding episodes coincided with 
periods of relatively high precipitation (Fig. 
2B), their magnitude of flooding increased 
with time, particularly in the last episode, 
although no significant concurrent increase 
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Fig. 2. Increase in the flooded surface of 
the central South American plains in 
response to precipitation and agricultural 
fraction increases. (A) Annual flooded area in 
megahectares of the grain belt of the central 
plains of South America (Fig. 1C; Mar Chiquita 
Lake and Parana river delta areas were not 
considered in the curve) with four steps 

of newly flooded area since 1977 colored by the 
pentad of first detection (colored bars). Modeled 
flooded area subtracting the output of the 
annual precipitation-driven dynamic transfer 
function (DTF) model is shown as the output 
(solid blue line; DTF model fit R,° = 0.9) 

with its standard error (dashed blue lines). 

(B) Mean annual precipitation (black circles) 
and integrated random walk (IRW) smooth 
trend estimate for annual precipitation (black 
solid line) shown with its approximate 95% 
confidence interval (black dashed lines). 

(C) DTF time-varying gain parameters (blue 
circles) and smoothed trend (blue line) 

and their approximate 95% confidence intervals 
(blue dotted lines), showing effective time- 
varying sensitivity of flooding to precipitation. 
Smoothed agricultural land use percentage of 
Argentine grain belt (red solid and dotted 

lines) is also shown. 


in precipitation was observed (fig. S6). The 
analysis of last-century precipitation, based 
on both aggregated and individual station 
data (fig. S7, A and B), shows the previously 
documented rise between the 1970s and the 
1990s (20) but no sustained trend over the 
past 30 years. In this period, there are no 
significant trends in the characteristics of 
rainfall events, including the frequency and 
magnitude of the most extreme events (27). 
Although associated with positive precipita- 
tion anomalies, floods in the central plains 
of South America display an increasing sen- 
sitivity to rainfall through time, as shown by 
the analysis using a dynamic transfer func- 
tion model. The dynamic transfer function 
produced a good model fit, explaining just 
>90% of the variance of the flooded area (Fig. 
2A). The temporal analysis reveals a growing 
sensitivity of flooding to positive precipitation 
anomalies, indicated by the increase in the 
gain parameter of the dynamic transfer func- 
tion model linking flooded area to mean an- 
nual precipitation (Fig. 2C). 
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Expanding floods in highly cultivated and 
flat landscapes were accompanied by rising 
water table levels, as indicated by the long- 
term records from eight public monitoring 
stations distributed across the study region. 
The time series analysis shows a generalized 
rise in levels that reaches, with different tim- 
ings, a similarly stable shallow groundwater 
position (—4 to 0 m) at all sites (Fig. 3 and fig. 
S8). Hidden Markov models (22) show that 
at all sites, station-level variability is best ex- 
plained by two or three states (lower Akaike 
information criterion), which suggests shift- 
ing regimes (figs. S9 to S16), with deep, transi- 
tional, and shallow groundwater level states 
(Fig. 3 and fig. S8). Notably, shallow states 
did not transition to deeper states even during 
years with low precipitation. 


The hydrological effects of rainfed cultivation 


All available field observations provide inde- 
pendent and convergent evidence about the 
imprint of vegetation and land use changes 
on groundwater levels. The analysis of all pub- 


30 June 2023 


lished studies (seven reports for 19 sites) of 
groundwater levels and discharge-recharge 
fluxes across paired stands comparing crop- 
lands with native or planted forests and pas- 
tures of the region shows the consistent effects 
of croplands on the hydrology of the plains 
(table S2). Pooled together, these observa- 
tions indicate higher water table levels (mean 
effect of +1.54 m), and, individually, they evi- 
dence increased groundwater recharge and/or 
decreased discharge in croplands compared 
with the rest of the vegetation types at all sites 
(Fig. 4). In the subset of studies conducted in 
drier sites with water table levels >10 m deep, 
salt profiles in the unsaturated zone indicate 
a full inhibition of deep drainage in native 
forests that lasted millennia until the present. 
This no-recharge condition was interrupted 
by the onset of deep drainage under neigh- 
boring cropland (table S2). The remaining 
studies, conducted where water tables are 
shallower than 10 m, offer evidence of ground- 
water consumption (in most cases through 
diurnal water table level fluctuations) down 
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Fig. 3. Hidden Markov models applied to time series Hydrological state Agriculture (%) 
of water table depth at three sites in the central @ Deep @ Shallow a) Transitional 
plains of South America in the Argentine grain belt, 25 50 75 
indicating three alternative hydrological states: 0 
deep, transitional, and shallow. Agricultural fraction A ee ee >, 
per year and per site are shown, drawn from depart- 3 os soe sasha, 2 Se ate & 
mental agricultural statistics corresponding to the “ nm Poses? f 
counties where the stations are located. (A) For station 6 oe ok ae oe bd 
1 (located at Laboulaye, Argentine; ST1 in Fig. 1C), water bad 
table levels rose in the mid-1970s, reaching surface 9 TLENATUAINI 
levels in the 1990s. (B and C) For station 2 (B) (located 
in Anguil, Argentine; ST2 in Fig. 1C) and for station 3 = 
(C) (located in Marcos Juarez, Argentine; ST3 in Fig. 1C), E o 
the water table rose in the mid-1970s gradually to = B a, te 
surface levels in the 2000s. Similar situations are gs 3 Se i ong?“ 
displayed in the rest of the stations (fig. S8). The 2 ee “ s 
vertical bars in (A), (B), and (C) denote the 5th and 95th & +6 Y aeatiaaatl g 
percentile estimates of water table depth observed. s = 
Ss 9 1) CO UREAAEDER EERE ATERAOE ERED 
) 
ee, | 
@ ®@ 
-3 c e 
% ea, pee n 
oe * @ Be 
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Fig. 4. Infield evidence 
of water table depth A Water table depth in paired plots Cc Effect of land cover changes on water table depth 
change under land cover 
changes in the South Hi Forest/Plantation vs. Cropland 
American plains. (A) Mean Giménez ef al, (2016) — 0.74[-0.35;1.82] 
water table depth in paired ,|| Jobbagy et al. (2021) =§$——+__»—____ 0,84(-0.68:2:61) 
plots of croplands and native Nosetto etal, (2013) ——— 1.46(0.06;2.85] 
dry forests or eucalypt : 3m ( Amdan etal. (2013) 8 81.0955.26) 
plantations and of croplands Forest/Plantation  -8.6 m Cropland -8.1m (2) 
and natural grasslands or 39 m 2.4m (3) 
alfalfa pastures across the 50m -2.7 m (4) Mean Effect Size vs. Cropland —fiIH 1.23[0.52;1.95] 
tral plains of South prey 
om : oo. = FH Hessseane A  Grassland/P 
America. Numbers in neea7ed oy 
parentheses indicate the 2.4m (5) _ || Nosette ofa! (2018) é ; 

: ; Nosetto et al, (2013) se os aa! 
studies referenced in table Grassland/Pasture -3.2 m Cropland -3.0m (3) ssiisbal- tens sa zean 
S2 as follows: (1) Giménez 3.5 m 1.4m (6) ae 
et al. (2016) (18); (2) B_ oo 
Jobbagy et al. (2021) (33); 2 a ' Nisan Eieetee i {sae 
(3) Nosetto et al. (2013) 5 ee 
(34); (4) Amdan et al. 3 oa Deeper groundwater Shallow groundwater 
(2013) (35); (5) 575 4- : 

Nosetto et al. (2015) (36); 40.0 2 O- 2 ¢ 6 
and (6) Pal et al. (2021) (37). Forest/Plantation Grassland/Pasture Cropland Effect Size 


(B) Boxplots of water table 


depth in forests and/or plantations, grasslands and/or pastures, and croplands. The crossbar within the box indicates the median, the length of the box reflects the interquartile 
range, the whiskers show the 95% confidence intervals, and the dots represent the outliers. (©) Comparison between the water table depths in croplands and their adjacent forests 
and plantations (n = 4 pairwise comparisons) and grasslands and pastures (n = 3). Small squares and triangles refer to the mean effect size (Hedges's d) for individual pairwise 
comparison, and large squares and triangles represent the overall mean effect size estimate for comparisons between forests and/or plantations and croplands and between 
grasslands and/or pastures and croplands, respectively. The horizontal bars around the means refer to the 95% confidence intervals. The absolute values of the means and 
confidence intervals (in brackets) are shown on the right. Positive mean effect sizes indicate that the water table depth is shallower in croplands than in forests or plantations and 
grasslands or pastures. A mean effect size is significantly different from zero when its 95% confidence interval does not include zero (significance level, ***P < 0.001). 
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to 5- to 9-m depth under native forests, tree 
plantations, and perennial pastures but only 
down to 3-m depth or less under annual crop- 
lands (table S2). These contrasts explain in the 
first place how cultivation may trigger water 
table level rises during wet periods and limit 
water table drawdowns during subsequent 
dry periods, reducing the threshold of cumu- 
lative water excess needed to cause water- 
logging and flooding. 

Rising flooding risk is widely assumed to 
be a phenomenon associated with unusually 
high precipitation events, reduced infiltration 
rates, and limited run-off caused by land cover 
changes (23, 24), whereby the recovery after 
floods is a function of the duration of subse- 
quent dry periods (22). Although this is the 
case for sloped watersheds, extremely flat sedi- 
mentary regions such as the South American 
plains with stagnant hydrological systems 
favor shallow water table level equilibria under 
abroad range of climatic conditions (6). Under 
these circumstances, vegetation changes play 
a major role in modulating flooding, mostly 
through the capacity of plants to draw down 
unsaturated and saturated water reserves dur- 
ing dry periods (figs. S17 to S19). The two most 
critical and interconnected features of vegeta- 
tion water use that dictate the speed at and 
extent to which water reserves are depleted 
are its evaporative capacity and rooting depth 
(25). These factors control the depth of the 
drawdowns and how much of the water stor- 
age capacity can be emptied. Therefore, when 
rooting depths and groundwater drawdowns 
are reduced, there is a higher likelihood of 
saturating the soil profile and bringing water 
table levels to the surface during subsequent 
wet periods, as suggested by one-dimensional, 
long-term hydrological simulations using the 
Hydrus model (26) calibrated for the west 
Pampas (fig. S19). 


Discussion 


The replacement of forests and pastures with 
rainfed annual crops may have been enough 
to create a new dynamic hydrological equi- 
librium that, even under low-precipitation 
conditions, may not recover the initial deep 
groundwater levels, making the whole region 
more flood prone. Although ecohydrological 
recovery is likely under a scenario of farming 
abandonment and native vegetation recovery 
and/or cultivated pastures reestablishment, 
the effects of the observed hydrological shifts 
on these agricultural systems do not seem to 
have discouraged annual crop expansion until 
the present (7). In the specific case of agricul- 
ture and in the short term, the positive effects 
of a shallower water table buffering crop pro- 
duction during droughts appear to compen- 
sate for the negative effects of reduced sowing 
area (27). However, as flooding continues to 
expand into drier areas with more saline and 
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erodible soils, this compensatory effect may 
disappear (/4, 17). Additionally, important 
trade-offs with other sectors of the rural econ- 
omy have already been reported, including 
damages to the infrastructure of dairy farms 
and disruptions to the logistics of small agri- 
cultural towns. Climate may also be affected 
at global-to-local scales by these hydrological 
shifts. Increased intermittent waterlogging is 
likely to increase methane and water vapor 
fluxes to the atmosphere, limiting soil organic 
matter sequestration and contributing to glo- 
bal warming (28). At a regional level, floods 
have been shown to cause more-frequent fog 
events, reduce thermal amplitude, and extend 
frost-free periods, affecting both cultivated 
and natural ecosystems (29). The historical con- 
text of low investment in agricultural infra- 
structure and taxation (rather than subsidies) 
on grain production (30) in Argentina sug- 
gests that drainage would not be a viable fu- 
ture response to the increase in flooded area, 
and neither would nature-based solutions, such 
as hydrology-smart rotations and landscape 
designs, become feasible (37). Any one of these 
approaches needs to consider the critical role 
of rooting depths in the stagnant context of 
sedimentary plains and the possibilities to 
adjust them through crop and cultivar choice, 
native vegetation conservation, and hydrolog- 
ically informed decision-making. The insights 
provided in this work on the connection be- 
tween extensive land use change and the grow- 
ing flood sensitivity in the South American 
plains will help improve our understanding 
of hydrological changes in other regions of 
the world with similar characteristics, includ- 
ing dry and stagnant hydrological settings and 
expanding rainfed grain production systems, 
such as those of Ukraine or Canada (32). The 
findings presented here are critical for future 
land use policies that support farming, water 
management, and rural towns in smarter and 
more-integrated ways. 
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that rapidly cure trypanosome infections 
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Millions who live in Latin America and sub-Saharan Africa are at risk of trypanosomatid infections, 
which cause Chagas disease and human African trypanosomiasis (HAT). Improved HAT treatments are 
available, but Chagas disease therapies rely on two nitroheterocycles, which suffer from lengthy 

drug regimens and safety concerns that cause frequent treatment discontinuation. We performed 
phenotypic screening against trypanosomes and identified a class of cyanotriazoles (CTs) with potent 
trypanocidal activity both in vitro and in mouse models of Chagas disease and HAT. Cryo-electron microscopy 
approaches confirmed that CT compounds acted through selective, irreversible inhibition of trypanosomal 
topoisomerase II by stabilizing double-stranded DNA:enzyme cleavage complexes. These findings 
suggest a potential approach toward successful therapeutics for the treatment of Chagas disease. 


ore than 1 billion people who live in trop- 
ical and subtropical regions worldwide 
are at risk of infection from kinetoplas- 
tid parasites. For example, Trypanosoma 
cruzi is the etiological agent of Chagas 
disease (1); Trypanosoma brucei subspecies 
cause human African trypanosomiasis (HAT), 
or sleeping sickness (2); Leishmania donovani 
causes visceral leishmaniasis (3); and several 
other Leishmania species underlie cutaneous 
leishmaniasis (4). The current treatments are 
decades old and suffer from toxicity and lim- 
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Fig. 1. CTs for trypanosomatids. Chemical structures. 
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ited efficacy. A fledgling drug pipeline, powered 
by public-private partnerships, has addressed 
some unmet medical needs for HAT (5-7) and, 
to some level, visceral leishmaniasis (8-72). How- 
ever, progress against Chagas disease has been 
scant (13, 14). The two standard Chagas dis- 
ease therapies, benznidazole and nifurtimox, 
are poorly tolerated, and the treatment regi- 
mens are lengthy and often discontinued be- 
cause of adverse effects (1). This leaves patients 
vulnerable to life-threatening cardiac and gastro- 
intestinal complications associated with chronic 
T. cruzi infection (1). More effective, safer, and 
shorter-duration therapeutics for Chagas dis- 
ease are urgently needed. 

Assay miniaturization and automation have 
enabled large chemical library screens against 
causative agents of neglected tropical diseases. 
Over the past two decades, such phenotypic 
screening approaches have yielded notable 
advances against malaria (75), tuberculosis 
(16), leishmaniasis, and the African trypano- 
somiases (8-12, 17). This approach has enabled 
lead chemical entities to enter clinical trials 
and the discovery of mechanisms of action 
and drug targets. Among the targets for such 
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proteasome (8, 10, 11), cdc2 related kinase 12 
(CRK12) (72), and cleavage and polyadenylation 
specificity factor 3 (CPSF3) (9); these may offer 
potential for use against the human trypano- 
somiases, too. 

To identify growth inhibitors for trypano- 
somatids, we performed whole-cell high- 
throughput screening of the Novartis compound 
collection. Hit compounds belonging to the 
cyanotriazole (CT) class were further optimized 
through medicinal chemistry to improve phar- 
macological properties and allow the evalua- 
tion of the lead molecules in in vitro and in vivo 
models of HAT and Chagas disease. We iden- 
tified the CT target in trypanosomatids using 
phenotypic, genomic, and metabolomic ap- 
proaches and further validated the target 
using genetic, biochemical, and biophysical 
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approaches. We ultimately used cryo-electron , 


microscopy (cryo-EM) to resolve the atomic 
structure of CT binding to its cognate trypano- 
somal target to provide structural insight into 
the compound class’s potency and selectivity. 


CTs are pan-kinetoplastid inhibitors with rapid 
sterilizing activity 
Identification of CTs 
We performed a whole cell-based growth in- 
hibition screen of the Novartis compound li- 
brary against bloodstream form T: brucei brucei, 
which identified CTO as a potent growth inhib- 
itor that was also active against Trypanosoma 
brucei gambiense and Trypanosoma brucei 
rhodesiense, pathogens that cause HAT (Table 1 
and Fig. 1). CTO belongs to the CT compound 
class that also proved to be potent growth in- 
hibitors of a panel of kinetoplastid parasites, 
which includes T: cruzi and L. donovani (Table 1 
and fig. S1, A and B). CTs were noncytotoxic 
(Table 1; Fig. 1; and fig. S1, C and D) and not 
active against a range of nontrypanosomatid 
microbial pathogens (table S1). In a prelimi- 
nary structure-activity analysis, analogs of CTO 
were amenable for optimization and retained 
cellular potency against multiple kinetoplastid 
parasites, which indirectly suggests that CTs 
may have a conserved mechanism of action 
across all kinetoplastids (fig. S1, A and B). 
Despite its high potency, CTO displayed lim- 
ited solubility and unfavorable physicochem- 
ical properties, which resulted in poor oral 
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bioavailability and no measurable brain ex- 
posure, which is necessary for curing stage II 
HAT (Table 1 and Fig. 1). To obtain a suitable 
lead molecule for evaluation in rodent dis- 
ease models, medicinal chemistry efforts opti- 
mized properties of the CT scaffold for oral 
dosing and brain penetration. Removing the 
hydrogen-bond donor of the aminomethyl- 
furan core of CTO through cyclization led to an 
aza-isoindoline scaffold. Further diminishing 
the cyanophenyl substituent’s polarity resulted 
in molecule CT1 with improved solubility, oral 
bioavailability, and moderate free brain expo- 
sure (Table 1 and Fig. 1). Subsequently, re- 
placement of the aza-isoindoline core with an 
isoindoline moiety and restoring polarity by in- 
troducing a 5-fluoro-2-(trifluoromethyl)pyridine 
substituent on the left-hand side of the mol- 
ecule led to molecule CT3. This nitrogen shift 
strategy allowed CT3 to preserve solubility 
while displaying excellent oral bioavailability 
and free brain exposure (Table 1 and Fig. 1), 
which yielded pharmacokinetic properties 
suitable for profiling in vivo in various ani- 
mal models of human trypanosomatid dis- 
eases (table S2). 


In vitro and in vivo potency of CTs 


Rapid onset of action and a short dosing regi- 
men are desirable properties for anti-infective 
therapies. These properties typically require 
drugs with fast-sterilizing activity that is time 
and concentration dependent. Rate of kill 
and wash-off experiments revealed time- and 
concentration-dependent sterilizing activity of 
CT3 that compared favorably with the standard- 
of-care drugs for Chagas disease and HAT, 
which indicates a potential to act fast and offer 
shorter drug regimens than those of the cur- 
rent therapies (fig. S2, A to D). 

In vitro to in vivo translatability of CT3 ster- 
ilizing activity was evaluated in mouse models 
of trypanosomatid diseases. Chagas disease 
requires complete parasite clearance in vivo to 
prevent relapse from residual parasites, as 
seen with posaconazole in mouse models of 
infection (78) and during human clinical trials 
(19). We thus tested CT3 in a bioluminescent 
mouse model of chronic Chagas disease, with 
immunosuppression to confirm sterile cure 
(20). In this model, dosing at 30 mg - kg! once 
daily for 5 days reduced parasitemia beyond 
the limit of detection. Parasites remained un- 
detectable in all treated mice even after three 
rounds of immunosuppression, which sug- 
gests that a complete and sterile cure had 
been achieved. Ex vivo imaging of selected 
organs and tissues confirmed the absence of 
detectable parasites (Fig. 2A). Pharmacoki- 
netic analysis of treated mice showed that 
the free blood concentration of CT3 was above 
the median effective concentration (ECs 9) for 
~17 hours (fig. S3A). CT3 was also evaluated 
in the more stringent acute model of infec- 
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Table 1. CTs inhibit growth of trypanosomatid parasites in vitro. Antiparasitic activity, cytotoxicity, 
physicochemical properties, and pharmacokinetics of CT compounds. HepG2, human hepatocellular 
carcinoma cells; NIH 373, fibroblast cells; Kp, brain to plasma ratio, total; Kp,,,, brain to plasma ratio, 
unbound (corrected by mouse plasma protein binding and rat brain tissue binding); ECs and CCs9 
represent the half-maximum growth inhibition concentration against bloodstream form of T. brucei, 
intracellular T. cruzi amastigotes and extracellular L. donovani amastigotes, and mammalian cell lines. 
Growth inhibition measurements were generated with two or more independent biological replicates 
and with two technical replicates. Values shown are geometric mean + SD. Physicochemical properties 
such as polar surface area and hydrogen-bond donors were calculated by using Medchem Focus software. 
In vivo pharmacokinetic properties for CT compounds were determined by using mice (n = 3). Oral 
bioavailability was determined by using dose-normalized exposures after oral and intravenous dosing of 
compounds, and Kp was measured 1 hour after intravenous dosing in mice. 
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tion with higher parasite burden, in which 
benznidazole, the standard of care, fails to 
achieve cure with a dose of 100 mg - kg™ once 
daily for 5 days. However, CT3 showed com- 
plete sterile cure when dosed at 30 mg - kg? 
once daily for 5 days (fig. S4A). 

We also assessed CT3 in mouse models of 
HAT (/7, 21), which also require parasite erad- 
ication to achieve complete cure. Treatment 
with 10 mg - kg”? CT3 once daily for 4 days 
cured the stage I (hemolymphatic) infection 
(fig. S4B), whereas 7 days’ treatment with 
10 mg - kg’ once daily was required to cure 
the stage II (meningoencephalitis) infection 
(fig. S4C). Given the rapid in vitro sterilizing 
activity (6 hours) of CT3 treatment during wash- 
off assays (fig. S2D), we also evaluated the abil- 
ity to achieve single-dose cure in both mouse 
models described above. CT3 achieved relapse- 
free sterile cure after single-dose oral admin- 
istration of 40 mg - kg in stage I (fig. S4B) and 
100 mg - kg’ in stage II HAT mouse models 
(Fig. 2B). Ex vivo analysis of brains after treat- 
ment showed complete clearance of parasites. 
Pharmacokinetic analysis of mice treated with 
asingle dose of 100 mg - ke * CT3 showed that 
the free brain concentration was above ECs, for 
>24 hours (fig. S3B). Acoziborole, an oxaborole 
molecule, has completed phase 2/3 clinical de- 


velopment for HAT, in which its long half-life 
has enabled a cure, even of stage II disease, 
with a single dose (6). 


CT-treated parasites showed defects in 
nuclear DNA replication, exhibited 
up-regulated DNA damage response 


Understanding the mechanism of action and 
identifying drug target(s) facilitates medicinal 
chemistry through structure-based optimiza- 
tion that helps design molecules with better 
potency and selectivity. We used a multipronged 
strategy—which included phenotypic, metab- 
olomic, genetic, and biochemical approaches— 
to deconvolute the CTs’ target. 

First, the effect of 6 hours of treatment with 
five times ECs) of CT1 and CT3 on cell cycle 
progression was examined in bloodstream 
form T. b. brucei. DNA staining that used 
4',6-diamidino-2-phenylindole (DAPI) showed 
arrest in S-phase, denoted by an increased 2K1IN 
population, compared with untreated con- 
trol (fig. S5A), which suggests that CTs af- 
fected nuclear, but not kinetoplast, DNA 
replication. We used ethynyl deoxyuridine 
(EdU) (a thymidine analog that incorporates 
into newly synthesized DNA) staining to 
probe the impact of CTs on DNA synthesis. 
Two hours treatment of T. cruzi with 50x ECs 
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Fig. 2. CTs are efficacious against trypanosomatid parasites in vivo. 

(A) In vivo assessment of nontreated, benznidazole (BZ)-treated, and CT3- 
treated mice during chronic-stage T. cruzi infections as seen in the outline 

of experiment (top left). BALB/c mice were given vehicle (n = 3), BZ 

(100 mg - kg™) (n = 3), and CT3 (30 mg - kg”) (n = 6) starting on day 102 
(orally, 5 days, once daily). Ventral images of each mouse are shown at different 
time points after infection. All BZ- and CT3-treated mice were immunosup- 
pressed on days 116, 120, and 124 by using cyclophosphamide (200 mg - kg 
intraperitoneally). All treated mice were bioluminescence negative at the 
experimental endpoint (day 141) and assessed further through ex vivo imaging 
(bottom left panel and central ex vivo organs and tissue display). At this 
point, as an example, organs from nontreated mouse 3 were removed and 
assessed for bioluminescence. There was infection in the lungs, mesentery, 
and cecum (black arrows). All treated mice were cured. Heatmaps are 


of CT3 prevented EdU incorporation into nu- 
clear DNA, which confirmed that CTs hinder 
nuclear but not kinetoplastid DNA replication 
(Fig. 3A). 

We also performed untargeted metabo- 
lomics, which has helped assign the drug 
mode of action in kinetoplastids (22, 23). Af- 
ter exposing T. b. brucei to CTs (CT1 and CT3), 
more than 600 metabolites were detected 
with mass spectrometry, and profound in- 
creases in deoxynucleotide abundance were 
observed (fig. S6 and data $2), a profile sim- 
ilar to that of Staphylococcus aureus after ex- 
posure to fluoroquinolone inhibitors of DNA 
gyrase (24). 

Because DNA replication appeared to be af- 
fected, we next evaluated whether CTs cause 
DNA damage in trypanosomatids. Immuno- 
blotting with antibodies against phosphoryl- 
ated histone (yH2A), a marker of double-strand 
DNA (dsDNA) breaks (25), revealed increases 
in yH2A in T. b. brucei (fig. S5B). In situ fluo- 
rescence microscopy also showed increased 
yH2A in both T. b. brucei and T. cruzi exposed 
to CTs, whereas GNF6702, a known kineto- 
plastid proteasome inhibitor, did not induce 
increased yH2A (Fig. 3, B and C). Moreover, T. b. 
brucei mutants, which lacked either one of 
the dsDNA break repair enzymes BRCA2 or 
RAD51, were hypersensitive to CT compounds, 
which suggests that they either interfered 
with the cellular DNA strand-breakage repair 
machinery or caused DNA damage that is en- 
hanced when the repair machinery is disrupted 
(table S3). 


Drug resistance to CTs involved mutations 
in the topoisomerase Ilo gene of T. b. brucei 


Drug-resistant mutants were independently 
selected against two different CTs (CT1 and CT4) 
in T: b. brucei in vitro (table S4). Resistant clones 
were isolated by using limiting dilution, and 
each showed substantial resistance to CT mol- 
ecules while retaining sensitivity to other known 
trypanocides (Fig. 4A and fig. S7). Whole- 
genome sequencing of mutants revealed multi- 
ple single-nucleotide polymorphisms (SNPs) 
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in each individual mutant, but three of the 
four mutant strains (CT1.1, CT1.2, and CT4.1) 
carried an F540L SNP in the topoisomerase IT 
alpha (topolTa) gene (data S2). All other SNPs 
were specific to individual parasite mutant 
lines. Sanger sequencing of the topo II region 
of the mutants confirmed a homozygous F540L 
mutation in the resistant lines CT1.1, CT1.2, and 
CT4.1 (fig. S8A). Sanger sequencing of CT4.2 
parasites revealed, in the N-terminal encoding 
region of topol/a, multiple heterozygous muta- 
tions that code for the matching amino acids 
found in topol/§ (fig. S8B). Independent CT- 
resistant mutants were also generated against 
a third CT compound (CT5) (table S4), and 
Sanger sequencing of the topol/a gene region 
identified homozygous SNPs that encoded the 
L491F and S492N mutations in CT5.1 and the 
G598S mutation in CT5.2 (fig. S8A). (Single- 
letter abbreviations for the amino acid residues 
are as follows: C, Cys; F, Phe; G, Gly; I, Ile; L, Leu; 
R, Arg; and S, Ser. In the mutants, other amino 
acids were substituted at certain locations; for 
example, F540L indicates that phenylalinine 
at position 540 was replaced by leucine.) 

T. b. brucei has two topoisomerase II en- 
zymes, Topolla and TopolIf, and RNA inter- 
ference (RNAi) experiments have shown that 
only topolIa is essential for T. b. brucei blood- 
stream form survival (26). The depletion of 
topolla. by RNAi affects nuclear but not kineto- 
plast DNA replication, which is similar to our 
observations with CT-treated parasites. Sequence 
alignment of TopolIa and TopolIB shows that 
the N-terminal region is highly conserved, where- 
as the C-terminal region after amino acid 1067 
is more divergent (fig. S9). F540 is present in 
both Topol isoforms, whereas L491, S492, 
and G598 in Topolla are F491, N492, and S598, 
respectively, in TopolIB. The SNPs identified 
in topolla in the resistant lines CT5.1 and CT5.2 
corresponded to amino acids found in wild- 
type TopolIf. 

The biologically active form of Topolla is a 
homodimer. All TopoIIo mutations found in 
the drug-resistant mutants clustered in the pro- 
tein’s Toprim domain (Fig. 4B), which is essen- 


on logig scales and indicate the intensity of bioluminescence from low (blue) 
to high (red). DPI, days post-infection. (B) In vivo efficacy of CT3 in 
meningoencephalitis mouse model of HAT. After 21 days of infection with a 
bioluminescent T. b. brucei GVR35 strain, three mice were treated intra- 
peritoneally with a single dose of 40 mg - kg of diminazene (negative 
control), and six mice were treated orally with one dose of 100 mg - kg? of 
CT3. Parasitemia levels were monitored by imaging mice after administration 
of p-luciferin (150 mg « kg, subcutaneously). Diminazene-treated mice 
relapsed by day 42 and were humanely euthanized, whereas CT3-treated 
mice remained parasitemia free for >92 days; no brain signal was observed 
during ex vivo imaging on day 160 (mouse 3 died because of natural 

causes in day 144; no parasitemia was detected). In both animal models, the 
presence of parasites is represented by bioluminescence radiance as 
indicated with the color scales. 


tial for DNA cleavage and religation activity 
(27, 28). Residue F540 is conserved in kineto- 
plastids, yeast, and humans (fig. $10) pointing 
into the hydrophobic core of the Toprim domain, 
whereas G598 is located at the topoisomerase 
dimer interface (Fig. 4B) (29, 30). Furthermore, 
comparison with structures of the full-length 
yeast Topoll reveals that residues equivalent 
to L491 and S492 lie proximal to residues in 
the adenosine triphosphatase (ATPase) trans- 
ducer domain structures (29), whereas in the 
pre-open state structure of the full-length hu- 
man topoisomerase Ilo (hTOP2A), the equiv- 
alent residues are proximal to the K-loop of 
the transducer domain (30). The K-loop is 
important in coupling DNA binding with 
adenosine 5’-triphosphate (ATP) turnover and 
strand passage (29). The presence of Topolla 
mutations in multiple 7. b. brucei CT-resistant 
mutants points to Topolla as a potential tar- 
get, which is consistent with genetic, pheno- 
typic, and metabolomic observations. 

We assessed the impact of reduced expression 
of Topolla by means of doxycycline-inducible 
RNAi. Because topolIo. is essential, we achieved 
partial rather than full suppression with tran- 
sient induction of RNAi by pulsing a range of 
doxycycline concentrations to allow gene ex- 
pression to recover before the enzyme’s ab- 
sence led to cell death. The higher the dose of 
doxycycline in pulsed induction of RNAi, the ~ 
less sensitive cells became to CTs (table S5). 
This is consistent with observations in mam- 
malian cells exposed to Topoll poisons, for 
which reduced enzyme activity diminishes 
dsDNA break formation (37). 

To further confirm Topollo as the target for 
CTs, we introduced one of the drug-resistant 
allele mutations into 7. b. brucei using the 
CRISPR-Cas9 system (fig. SI1A). The resulting 
CRISPR-edited parasites were selected for CT 
drug resistance at five times its ECs9 against 
the wild type (fig. SIIB). Parasites that were 
transfected with the mutating DNA repair tem- 
plate and induced to express the Cas9 protein 
recovered within days, whereas the control 
transfection with no Cas9 expression did not 
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grow under selective pressure. ECs, values 
with a range of CT compounds confirmed that 
the CRISPR-edited parasites were highly resist- 
ant to CTs (Fig. 4C). Whole-genome sequencing 
of the CRISPR-edited parasites identified no 
mutations outside the intended topolT gene 
cluster. Sanger sequencing revealed that both 
topolla, and topollB genes carried the F540L 
mutation (expected because the guide-RNA 
target sequence and homology flanks of the 
transfected repair template are conserved in 
both genes). The Topolla sequence also re- 
vealed other changes in the vicinity of F540L, 
including L491F and S492N, which were ob- 
served in the Topollo sequence of other CT- 
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Fig. 3. CTs induce a DNA damage response in trypanosomatid parasites. (A) Evaluation of 
active DNA replication by using EdU incorporation in T. cruzi parasites. Vero cells were infected 
with T. cruzi CL-Brener tdTomato strain for 48 hours, followed by 2 hours of treatment with 
DMSO (no drug), 50x ECs9 (4 uM) CT3, or benznidazole (BZN, 40 uM). Representative images of : 
intracellular T. cruzi expressing tdTomato (red), Hoechst-stained nuclei (blue), EdU-labeling 
(green) are shown. There was a reduction in EdU incorporation into T. cruzi parasites incubated 
with CT3 compared with the no-drug control and BZN-treated cultures. Images are representative 
of at least three independent experiments. Scale bar, 5 um. (B) Quantification of yH2A induction 


in T. b. brucei treated with CT3 and other compounds. Representative microscopic images of 
T. b. brucei, DAPI-stained DNA (red), T. b. brucei yH2A antibody staining (green), and merged image 
suggesting localization of yH2A induction with nuclear DNA (yellow) are shown. Parasites were 


resistant mutants and also the wild-type sequence 
of TopollB (Fig. 4C). Thus, in selecting CRISPR- 
edited parasites for CT resistance, a domain 
swap may have introduced a section of the 
topollB gene into the topol/o gene in addition 
to the F540L mutation. 


CTs selectively inhibited the DNA relaxation 
activity of trypanosome Topoll by stabilizing 
the dsDNA:enzyme complex 


Topoll inhibitors are divided into two broad 
classes: catalytic inhibitors and TopollI poi- 
sons. The latter stabilize the covalent DNA: 
enzyme complex, which leads to dsDNA breaks 
(32). To characterize the inhibitory activity of 


treated with DMSO (no drug control), 11x ECs9 (2 uM) of CT3, 20 uM phleomycin (DNA damaging 
agent), or 285x ECs9 (20 uM) of GNF6702 (kinetoplastid proteasome inhibitor) for 4 hours. 
Data show mean and SD of at least four independent biological replicates. Scale bar, 5 um. DIC, 
differential interference contrast; Phleo., phleomycin. (©) Quantification of yH2A induction in 

T. cruzi treated with CT3 and other compounds. Representative images of yH2A induction (green) 
in T. cruzi intracellular amastigotes that express tdTomato (red) are shown. Vero cells were 
infected with T. cruzi for 48 hours, followed by 24 hours of DMSO (no drug control), 
(740 nM) of CT3, 25x ECs59 (20 uM) of BZN, or 200x ECs (20 uM) of GNF6702. Data show mean 
and SD of at least four independent experiments. Scale bar, 5 um. Statistical analysis was 
carried out by using Student's t test. ns, nonsignificant; **P < 0.01; ****P < 0.0001. 


10x ECso 


the CTs, we expressed and purified 7. cruzi 
Topoll (Tc Topol) using a baculovirus expres- 
sion system. Tec Topoll shares 82% identity 
with T. b. brucei over the first 1181 amino acids 
(in contrast to the mammalian ortholog, which 
diverges substantially in this region) (fig. S10). 
Residues F540 and G598, which were detected 
as mutations in the T: b. brucei drug-resistant 
mutants, are conserved in all kinetoplastids, 
whereas TbTopolla 1491 and $492 residues are 
isoleucine (1491) and arginine (R492), respec- 
tively, in T. crust (fig. S10). 

We measured the effect of CTs on Tc Topoll 
using a Topo2 cleavage assay, which mea- 
sures the stabilization of dsDNA breaks. The 
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Fig. 4. CT-resistant mutants show mutation in topoisomerase Ila. 

(A) Concentration-response curves for T. b. brucei wild-type (WT) and CT-resistant 
bloodstream forms in the presence of increasing concentrations of CTs. (Left) 
Mutants showed a significant ECso shift (represented in fold-over WT) when treated 
with CT compounds, compared with proteasome inhibitor (GNF6/02), CLK] inhibitor 
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(AB1), and suramin, a known antitrypanosomal agent. (Right) Representative 
ECso curves are shown for CT1, CT3, and CT5. ECso values of two biological 
replicates were calculated from concentration-response curves performed in 
duplicate after nonlinear fitting with GraphPad Prism. Statistical analysis was 
carried out by using Student's t test. ns, nonsignificant; *P < 0.05; **P < 0.01; 
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*P < 0.001; ****P < 0.0001. (B) Schematic representation of the topoisomerase Il out by using Student's t test (***P < 0.001). Sanger sequencing of the parental and 
domain structure. Triangles highlight positions of homozygous mutations. These CRISPR strains of T. b. brucei is shown. Sequencing of the topolla and topollp 
mutations were mapped onto the yeast full-length topoisomerase Il structure (PDB —— gene fragments around the mutated residue showed that both the a and 8 variants 
ID 4GFH) in magenta and labeled with their type and residue number from the T. b. had introduced the mutation, with the o variant appearing to have also converted 


brucei sequence. One monomer of topoisomerase II is colored in cyan, and the to the B sequence upstream. This suggests a probable recombination event with an 
second monomer is colored in green. GHKL (gyrase, Hsp90, histidine kinase, MutL); __ initial introduction of the mutation into the beta variant, followed by recombination to 
WHD (winged helix domain). (C) Antiparasitic activity of CT compounds against introduce the mutation plus surrounding residues to the o locus under drug 
parental and CRISPR T. b. brucei strains. Data presented were generated with selection. Triangles are homozygous mutations, and circles are heterozygous 


a minimum of four independent biological replicates. Statistical analysis was carried | mutations seen with CT-resistant mutants. Cpd, compound. 


Fig. 5. Biochemical and struc- 
tural validation of Topoll as 

a target of CTs. (A) Biochemical 
characterization by using Topoll 
DNA cleavage assay in the 
absence of ATP. Full-length 

T. cruzi Topoll was incubated 
with supercoiled DNA (scDNA) in 
the presence of varying concen- 
trations (micromolar) of CT 
compounds, and the ability to 
nduce dsDNA breaks was 
measured by running products 
on a 1.2% agarose gel. The 
experiment was conducted with 
two biological replicates; one of 
the representative images is 
shown. CT1 caused increasing 
levels of linear dsDNA (asterix) 
to appear as the concentration 
increased. (B) Representative 
SPR sensorgram of SPR experi- 
ment showing the association of 
truncated T. cruzi topollAC 2 

to 1182 with immobilized dsDNA 
in the presence of CT1 (green) or 
DMSO control (blue). The 1:1 
model of the response is shown 
(black). Rmax, CT1-2263; DMSO- 
2200; RU, response units. (C) CTs 
bind to the DNA cleavage site, 

as revealed with cryo-EM. View of 
the binding site of the TcTopoll- 
DNA complex bound to CT1 
(shown in cyan) is given. CT1 
intercalates between the DNA 
base pairs at the DNA cleavage 
site and forms a covalent bond 
with the reactive cysteine C477 
(shown in magenta), which is 
conserved in trypanosomatid 
Topoll. C, cysteine. (D) Etoposide 
(from PDB ID 5GWK, shown in 
yellow) superimposed on the CT1 
cyro-EM structure reveals that CT1 
binds to the same binding site 

as etoposide, which is a known 
human TOP2A inhibitor. 

(E) Mutations found in T. b. 
brucei-resistant mutants (CT11, 
CT1.2, CT4.1, CT5.1, and CT5.2) 
are highlighted as magenta 
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spheres on the cryo-EM structure of the Tc Topoll DNA binding domain (amino acids 401 to 1178) bound to DNA and CT1. Tc Topoll monomers are colored in cyan and green, and 
the DNA backbone is colored in orange. (F to 1) Close up views of the different resistant mutation sites with the mutated amino acids shown in magenta in stick representation. 
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addition of CTs (CT1 and CT3) to Tc Topoll pro- 
moted selective accumulation of linearized 
DNA, which is indicative of CT stabilizing the 
topoisomerase dsDNA cleavage complex (Fig. 
5A and figs. $12 and S13). By contrast, a phar- 
macologically inactive, closely related analog 
(CT2) did not result in linearized DNA accu- 
mulation by Tc Topoll (Fig. 5A and table S4). 
CTs (CT1 and CT3) did not affect human 
TOP2A cleavage activity (fig. S14). The effect 
of CT1 on the binding kinetics of Tc Topoll to 
DNA was determined by using surface plas- 
mon resonance (SPR). The equilibrium disso- 
ciation constant (Kg) of Tc Topoll binding to 
immobilized 36-base pair dsDNA decreased by 
~1000-fold from 1.33 uM to 1nM in the presence 
of CT1, which suggests a stabilization of the 
topoisomerase DNA cleavage complex as ob- 
served in the DNA cleavage assay. The disso- 
ciation rate constant (Xa) of the protein-DNA 
complex decreased by >130-fold in the presence 
of CT1 compared with the dimethyl sulfoxide 
(DMSO) control, which indicates that the in- 
crease in binding affinity for this complex is 
primarily driven by a slower kg (Fig. 5B). 


CTs interact covalently with C477 
and bind at the DNA cleavage site 


Mechanistically, CTs belong to the class of 
topoisomerase poisons characterized by their 
stabilizing effect on the topoisomerase cleavage 
complex. These include clinically used drugs 
for cancer (such as etoposide) and bacterial 
infections (such as fluoroquinolones) (33). To 
provide a structural rationale for the mode of 
action of the CTs, we solved the cryo-EM struc- 
ture of the Tc TopoII DNA binding domain 
(amino acids 401 to 1178) bound to dsDNA and 
CT1 at ~2.9-A resolution (figs. S15 and S16). 
EM density for CT1 was observed at the DNA 
cleavage site that extends to C477 (Fig. 5C and 
fig. S16, A and D). The trifluoromethylphenyl 
portion of CT1 intercalated between the DNA 
base pairs at the cleavage site and occupied a 
space similar to etoposide bound to hTOP2A 
[Protein Data Bank (PDB) ID 5GWK] (Fig. 5D) 
(34) and fluoroquinolones bound to bacterial 
gyrase (fig. SI6B) (35). The CT portion of CT1 is 
positioned near C477, which allows the forma- 
tion of a covalent bond with the nucleophilic 
thiol of the cysteine, represented by continu- 
ous EM density between CTI and C477 (fig. S16, 
A and D). Cyanoazole heterocycles are known to 
form reversible covalent interactions with cys- 
teines (36). C477, which is conserved in trypano- 
somatid Topoll, provides the basis for CT 
compound selectivity (the equivalent residue 
is asparagine in human TOP2A). The muta- 
tions found in T. b. brucei strains selected for 
CT resistance are highlighted in the cryo-EM 
structure of Tc Topoll (Fig. 5, E to D, and res- 
idues L491 and S492, which mutate in selected 
T. b. brucei CT-resistant mutants, were only 
~9 A from the reactive cysteine. 
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Topoisomerase II inhibitors as treatment 

of trypanosomatid diseases 

Our data demonstrated that CT compounds are 
potent growth inhibitors of multiple kineto- 
plastid parasites. The CTs acted through selec- 
tive kinetoplastid topoisomerase II inhibition, 
which enabled rapid and complete steriliz- 
ing activity in mouse models of Chagas disease 
and HAT. Given their therapeutic efficacy, 
we are undertaking advanced preclinical pro- 
filing of further optimized CT analogs to iden- 
tify clinical candidates with a suitable safety 
profile. CT3 was relatively safe in preliminary 
preclinical safety profiling (table $7). Fur- 
thermore, the identification of trypanosomal 
Topoll as the molecular target of CTs offers 
the opportunity to discover alternative chem- 
ical classes through high-throughput screening 
and structure-based drug design. We antic- 
ipate that these findings will underpin the de- 
velopment of potent, safe, and shorter-duration 
therapies that will improve the treatment and 
management of Chagas disease and other 
kinetoplastid parasitic infections. 
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CHROMATIN BIOPHYSICS 


Stochastic motion and transcriptional dynamics of 
pairs of distal DNA loci on a compacted chromosome 


David B. Briickner’}, Hongtao Chen?*+, Lev Barinov**, Benjamin Zoller®°, Thomas Gregor 


3,5,6% 


Chromosomes in the eukaryotic nucleus are highly compacted. However, for many functional 
processes, including transcription initiation, the pairwise motion of distal chromosomal elements 

such as enhancers and promoters is essential and necessitates dynamic fluidity. Here, we used 

a live-imaging assay to simultaneously measure the positions of pairs of enhancers and promoters and 
their transcriptional output while systematically varying the genomic separation between these two 
DNA loci. Our analysis reveals the coexistence of a compact globular organization and fast subdiffusive 
dynamics. These combined features cause an anomalous scaling of polymer relaxation times with 
genomic separation leading to long-ranged correlations. Thus, encounter times of DNA loci are much 
less dependent on genomic distance than predicted by existing polymer models, with potential 


consequences for eukaryotic gene expression. 


iving systems are built based on informa- 

tion encoded in chromosomes confined 

in each cell’s nucleus. These meter-long 

DNA polymers must be highly compacted 

to fit into the micrometer-sized structure 
CZ, 2). At the same time, for cells to function, 
chromosome organization must allow the in- 
formation content to be accessed and read out 
through transcription (3, 4). Often, transcrip- 
tion can only occur through the spatial inter- 
action of DNA loci such as enhancers and 
promoters, which find each other dynamically 
and remain in physical proximity (5-8). Al- 
though the distances over which many en- 
hancers function in higher eukaryotes can 
be up to mega-base pairs in genomic separa- 
tion (9-12), it is unknown how these elements 
come into proximity, what their typical dis- 
tance is in three-dimensional (3D) space, and 
how they explore this space dynamically in the 
process. Specifically, it remains unclear how 
the real-time physical motion of such coupled 
pairs of DNA loci determines transcriptional 
encounters and how this depends on their 
genomic separation. 

Over the past decade, the advent of chromo- 
some capture and imaging methods (13) has 
given key insights into the 3D spatial orga- 
nization of chromosomes, with the discovery 
of structural features such as topologically 
associating domains (TADs) (14-17), phase- 
separated nuclear condensates (18-20), and 
larger-scale compartments (2/7, 22). These or- 
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ganizing structures have key implications for 
transcriptional regulation (23), but they are 
not static. Rather, they have been revealed to 
be heterogeneous across cells (24, 25) and dy- 
namic and short lived in time (26, 27). The role 
of the real-time dynamics of pairs of loci is 
only beginning to be understood and remains 
elusive for focal contacts that are key to es- 
tablishing enhancer-promoter interactions in 
many systems (28). 

Similarly, from a polymer physics perspec- 
tive, there is a gap in our understanding of the 
static and dynamic properties of chromosomes. 
At large scales, across tens to hundreds of 
TADs, chromosome organization has been 
shown to be highly compacted in a space-filling 
configuration (22, 29, 30). A useful null model 
for this configuration is the crumpled chain 
(also referred to as fractal globule) with fractal 
dimension three (22, 31-33). However, the 
real-time dynamics of DNA loci revealed by 
live-imaging experiments exhibit subdiffu- 
sion with exponents in the range of 0.5 to 0.6 
(26, 27, 34-36), close to the predictions of the 
simple Rouse polymer model, which predicts a 
loosely packed ideal chain polymer configura- 
tion with fractal dimension two that is in 
contrast to the compacted architecture of the 
crumpled chain model. A promising technique 
to address this gap are scaling approaches that 
combine fractal organization and subdiffusive 
dynamics (37-39), but these have never been 
tested experimentally. 

Thus far, experimental datasets have given 
insight into static organization (14-17, 22, 30, 40), 
dynamic properties of chromosomes (26, 27, 
34, 35, 41), or transcription (8, 36, 42-44), but 
rarely all at the same time. For instance, pre- 
vious live measurements of locus pairs occurred 
at fixed genomic separation in transcription- 
ally silent loci (26, 27). To investigate how 3D 
spatial organization and dynamic locus mo- 
tion control the encounter times of functional 
DNA loci and thus transcriptional activation, 


30 June 2023 


0 


we require an approach to simultaneo oct 
monitor the movement of DNA locus pu. — 
and transcription across a series of genomic 
separations in vivo. 

Here, we addressed this problem by live im- 
aging the joint dynamics of two cis-regulatory 
DNA elements, an enhancer and a promoter, 
while monitoring the transcriptional output 
resulting from their functional dynamic en- 
counters in developing fly embryos. We sys- 
tematically varied the genomic separation 
between these loci spanning many TADs. 
Stochastic real-time trajectories of the 3D 
motion of the two loci showed a dynamic 
search process, with physical proximity re- 
quired for successful transcription and a 
power-law scaling of transcription probability 
with genomic separation. Although typical 3D 
distances between the locus pair follow a com- 
pact packing consistent with the crumpled 
chain model, the dynamic properties exhibit 
fast diffusion, albeit with a diffusion coeffi- 
cient that increases with genomic separation. 
These features give rise to an anomalous 
scaling of polymer relaxation times and long- 
range correlations in the relative motion of the 
two loci. This suggests that the enhancer- 
promoter search process is much less depen- 
dent on genomic separation than expected 
based on existing polymer models. 


Results ‘ 
Live imaging of chromosome dynamics 
and transcription 


To simultaneously monitor the coupled mo- 
tion of enhancer-promoter pairs and trans- 
cription across multiple genomic separations, 
we generated fly lines in which a reporter gene 
was introduced at various genomic locations 
from the well-studied Drosophila even-skipped 
(eve) locus (8). The locations of both the endo- 
genous eve enhancers and the promoter of the + 
reporter gene, as well as the transcriptional ‘ 
activity of the reporter gene, were measured 
together using a three-color imaging system 
(see the materials and methods, section 1.2, 
and Fig. 1A) (8). To facilitate transcription, the 
reporter cassette contained the insulator ele- 
ment homie, which allowed stable loop forma- 
tion with the endogenous homie element in 
the eve locus (Fig. 1B). 

We built seven such reporter constructs, 
with genomic separations s varying over close 
to two orders of magnitude from 58 kb to 
3.3 Mb, comparable to the distances over 
which many enhancers function in higher 
eukaryotes (see the materials and methods, 
section 1.1) (9-12). These genomic length 
scales span across multiple TADs in the Dro- 
sophila genome, with typical median TAD 
sizes of ~90 kb (45) (here, 18 kb for the eve 
locus). 

Imaging took place for ~30 min during 
the second half of nuclear cycle 14 (NC14) of 
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Fig. 1. Simultaneous tracking of DNA loci and transcriptional activity in 
living embryos. (A) Typical surface view of a representative fly embryo 
displaying fluorescent foci for MS2, parS, and PP7 in the corresponding blue 
(top), green (center), and red (bottom) channels. Top inset shows schematic 
with image location in the embryo; bottom inset shows a close-up. (B) Top: 
schematic of the gene cassettes used for three-color imaging. The endogenous 
eve locus (left) is tagged with MS2 stem loops that are labeled with blue 
fluorescence. A reporter with an eve promoter driving PP7 transcription (labeled 
with red fluorescence) is integrated at a genomic separation s from the eve 
locus on the second chromosome in the Drosophila genome. It includes a homie 
insulator sequence allowing loop formation through homie-homie pairing and 

a parS sequence that is permanently labeled with green fluorescence. Seven such 
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constructs were generated with varying genomic separation s (triangles). 
Bottom: sample interlocus distance trajectories R(t) for six genomic separations, 
with standardized y-axis limits (0, 2 um) and x-axis limits (0, 30 min) obtained 
after nucleus and locus segmentation, tracking, chromatic aberration, and 
motion correction (see the materials and methods, section 1). The sampling time 
interval is 28 s. (€) Trajectories of interlocus distance R and transcriptional 
activity, with inferred topological states shown by the colored top bar (blue, 
Oost cyan, Por: red, Pon; See the materials and methods, section 2). Inset: 
schematic of the three topological states. (D) 200 examples of state trajectories 
sampled from a total set of N = 579 trajectories acquired in n = 30 embryos 
(genomic separation s = 149 kb). Colors are as in (C). Gray trajectory parts 
correspond to untrackable time points. 


embryo development (Fig. 1C), well after the 
completion of DNA replication. Sister chro- 
matids are tightly coupled together at inter- 
vals <10 kb (46). Therefore, our two tagged 
DNA loci are connected by a single chromatin 
polymer composed of two coupled chromatids 
that were not resolved by our microscopy. 
Accordingly, our measurements are associ- 
ated with increased localization uncertainty 
and reflect both intra- and interchromosomal 
interactions, which may not be fully represen- 
tative of pure intrachromosomal interactions. 


Interlocus distance scaling suggests a 
space-filling organization 

In previous work using a single fixed genomic 
distance (s = 149 kb) (8), this system was 
shown to exhibit three topological states (Fig. 
1C): an open configuration, Oo¢;, in which the 
homie elements are not bound to each other, 
and two paired configurations, Po and Pon, 
in which a loop is formed with either inac- 
tive or active transcription, respectively. As- 
suming that these configurations apply to all 
genomic distances, we determined the in- 
stantaneous topological and transcriptional 
states of the system. To this end, we used an 
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inference approach with a hidden Markov 
model that is based on the time series of inter- 
locus distances and transcriptional activity 
(see the materials and methods, section 2). 
We assigned one of these states to each mea- 
sured configuration, including the hidden Por, 
state (Fig. 1D). 

A key question is how the interlocus dis- 
tances R in the open configuration Ogg vary 
with the linear genomic separation s. These 
distances exhibit broad distributions, which 
shift systematically with larger separation 
(Fig. 2A). From a polymer physics perspec- 
tive, the mean distance (R) is expected to 
scale as s” q where d is the fractal dimension. 
Whereas an ideal chain polymer, as predicted 
by the simple Rouse model, has fractal dimen- 
sion d = 2, the compact crumpled chain or- 
ganization has dimension d = 3 (33, 47). Our 
experiments show a scaling exponent of 1/d = 
0.31 + 0.07 for genomic separations up to s = 
190 kb, consistent with the crumpled chain 
model (Fig. 2B). The smaller-than-expected 
average distances observed for the largest sep- 
arations (s = 595 kb, 3.3 Mb) are most likely 
affected by the average folding of the chromo- 
some (48). 
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The distances of the paired configurations 
were independent of genomic separation, as 
anticipated, and exhibited typical distances of 
350 to 400 nm (Fig. 2B), consistent with pre- 
vious measurements of distances within the 
eve locus (8, 49). Together, these results re- 
veal a compact crumpled chain architecture 
of chromosome configurations in a range of 
genomic separations consistent with Hi-C ex- 
periments in Drosophila (17). 


Transcriptional activity scales with 
genomic separation 


From the latent state trajectories revealed by 
our inference approach, we estimated the sur- 
vival curves of the transcriptionally active 
state (see the materials and methods, section 
2.4, and Fig. 2C). We found a median tran- 
scriptional lifetime independent of genomic 
separation of 10 + 5 min (SD across separa- 
tions; Fig. 2D). This corresponds to about three 
to five independent rounds of transcription on 
average, given the typical promoter switch- 
ing correlation time of the system (50). Sim- 
ilarly, the relative proportion of transcriptionally 
active states within the paired subpopulation 


is insensitive to genomic separation (Fig. 2E). 
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Fig. 2. Scaling of interlocus distances and transcriptional activity across 
genomic separations. (A) Probability distributions of the interlocus distances 
R. Distributions are separated by state, with paired states pooled across genomic 
separations, and individual distributions are shown for the open state. 

(B) Average interlocus distances (R) for each of the three transcriptional states. 
Blue dashed line indicates a linear best fit to the Oo data for the range of 
exponent 1/d = 0.31 + 0.07. Dashed cyan 
and red lines are average values of the interlocus distances of the Pog and 

eas indicating SEM. Solid dark green and 
and crumpled polymers, respectively. 

(C) Survival curves S(t) of the transcriptionally active state Pon, giving the 
probability that transcription remains active after time t. Orange curve: data 
for no-homie constructs (s = 58 kb). Curves were estimated using the 


genomic separations 58 to 190 kb, with 


Pon States, respectively, with shaded a 
red lines indicate predictions for ideal 


By contrast, the overall probability of observ- 
ing either of the paired configurations decreases 
with genomic separation and exhibits a power- 
law scaling P(s) ~ s¥, with f = 0.9 + 0.2 (Fig. 
2F). Because transcriptional lifetimes are in- 
dependent of distance, the scaling of P(s) is 
likely dominated by the search of the two loci 
to come into contact. Different polymer mod- 
els make distinct predictions of the scaling 
of contact probabilities (22, 33, 51). For ideal 
chains, f = 3/2, whereas crumpled chains ex- 
hibit f = 1.15 (52), which is close to the scaling 
that we observed. 

To determine how these results depend on 
the nature of the homie insulator-mediated 
focal contacts in our system, we used a re- 
porter construct in which the homie sequence 
was replaced by a A DNA sequence of the same 
length. At a 58-kb separation, transcriptional 
encounters still occur, albeit with a shorter 
median lifetime of 4.9 + 1.2 min (Fig. 2C and 
fig. S13). Furthermore, the probability of observ- 
ing a transcriptional state was reduced from 
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(30 + 5)% for the homie version to (8.5 + 0.8)% 
in the no-homie version. By contrast, very few 
such encounters were found for a 149-kb no- 
homie separation (8), where contact probabil- 
ity decreases from (6 + 1)% to >1% when the 
homie sequence was replaced by a A DNA. 
Together, these results demonstrate quanti- 
tatively how both genomic sequence and geno- 
mic separation control the rate of transcriptional 
encounters. The scaling of transcription prob- 
abilities with separation suggests that the 
transition from the open to the paired config- 
uration is a key limiting step in transcriptional 
activation of distal DNA loci, which is limited 
by the time taken to diffuse into proximity. 


Characterizing the subdiffusive locus 
search process 


To understand these diffusive timescales, we 
considered the real-time dynamics of the blue- 
and green-labeled DNA loci. We found that 
the majority of single-cell trajectories sampled 
the whole range of physical distances in each 
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Kaplan-Meier estimator, which accounts for censoring that occurs if the 
trajectory begins or ends in the transcriptionally active state (81). Shaded 
areas show 95% confidence intervals (see the materials and methods, 

section 2.4). (D) Median lifetime of the transcriptionally active state Po, as a 
function of genomic separation using the Kaplan-Meier estimator (dots) and a 
maximum-likelihood estimator assuming exponential decay of the survival 
triangles) (see the materials and methods, section 2.4). (E) Probability 
of the paired on and off states conditioned on the system being in one of 
these two paired configurations. (F) Overall probability of the paired 

ations Po and P,, as a function of genomic separation. Gray line is 
the best fit with exponent 0.9 + 0.2. Green and dark red lines indicate predicted 
exponents for the contact probabilities of the ideal and crumpled chain 
polymer models, respectively. 


topological state, because they showed a simi- 
lar spread as the ensemble-averaged distri- 
bution (Fig. 3, A to C, and fig. S8). Thus, rather 
than existing in constrained configurations 
as observed in other genomic contexts (41), 
this observation supports the picture of a dy- 
namic search process exploring a broad range 
of distances. 

We quantified how this search process is 
reflected in the motion of individual DNA loci 
by computing the single-locus MSD M;(t) = 
((Vi(to + t) — ri(to))”),, =Tt®, where r,(t) is 
the 3D position of the locus, T is diffusivity, 
and £ is the dynamic exponent. This expo- 
nent quantifies how locus diffusion scales with 
time and can be related theoretically to the 
packing of the chromosome through the frac- 
tal dimension d: B = 2/(2 + d) (37, 39, 53). 
Although the ideal chain model predicts B = 
1/2 (54), we expected B = 2/5 for a crumpled 
polymer (37). Our system showed a scaling 
exponent of B = 0.52 + 0.04 across genomic 
separations (error bar: SD calculated from 
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total variance across separations) for both the 
endogenous eve locus (blue) and the ectopic 
reporter (green), which is close to the predic- 
tion of the ideal chain model and consistent 
with previous works (26, 27, 35) (see the mate- 
rials and methods, section 3, and Fig. 3, D and 
E). Our data further indicate that the single- 
locus dynamics are not affected by transcrip- 
tional activity, unlike previous accounts (43), 
because they were consistent across the three 
topological states (Fig. 3F). 

To further understand how the locus dynamics 
are determined by the interplay of chromosome 
organization and single-locus dynamics, we an- 
alyzed the joint dynamics of the two coupled 
chromosomal loci. From the statistics of the 3D 
distance vector R(¢), we computed the two- 
locus MSD M,(t) = ((R(to + t) — R(to))”),, 
(26), which quantifies the crossover between 
two intuitive regimes. Whereas at small time 
lags, the MSD is determined by the indepen- 
dent diffusion of the two loci [M,(t) = 2r¢"), 
it exhibits a crossover to a plateau at large 
times, given by the average squared interlo- 
cus distance [M,(t) = 2(R°)] (see the ma- 
terials and methods, section 5, and Fig. 4, A 
and B). Consistent with the observed single- 
locus dynamics, we found that the subdiffu- 
sive regime of the experimental two-locus 
MSD exhibited an exponent close to 1/2 for 
those datasets in which this regime was sam- 
pled (Fig. 4A and fig. S16). Similarly, for large 
time lags, the two-locus autocorrelation re- 
vealed agreement with the ideal chain scal- 
ing (Fig. 4, C and D). Thus, the full time 
dependence of the MSD is well described by 
the ideal chain predictions, both for single 
and coupled loci. 


Interlocus relaxation times exhibit an anomalous 
scaling with genomic separation 


Having established the static and dynamic 
properties of the system, we next investigated 
the consequences of these features for the time- 
scales of the two-locus search process. This 
process is determined by the interplay of chro- 
mosome dynamics and organization and can 
be characterized by a relaxation time 1, which 
corresponds to the timescale of the crossover 
of the two regimes of the two-locus MSD (Fig. 
2A). Specifically, t is the time taken by the two 
loci to diffuse (dynamics) over their typical dis- 
tance of separation (organization): Ct? ~ eld 
This relationship predicts a scaling of relax- 
ation times with genomic separation t ~ s”. 
For ideal chains with fractal dimension d = 2 
and a diffusion exponent f = 1/2, this yields 
the classical result y = 2. By contrast, for crum- 
pled chains, 8 = 2/5 and d = 3, yielding y = 5/3 
(see the materials and methods, section 5, 
and table S7). 

To infer the relaxation time in our data as a 
function of genomic separation, we performed 
a Bayesian fitting of the two-locus MSD with 
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Fig. 3. Dynamics of DNA locus search and single-locus fluctuations. (A) Single-cell interlocus 
distance trajectories for the three topological states (s = 149 kb). For each state, 80 trajectories are 
shown, with one sample trajectory highlighted in bold. (B) Distance distributions (bar histogram) of 
the highlighted trajectory in (C) compared with the ensemble distribution obtained by averaging over all 
cells (line). (€) Single-cell interlocus distance distributions (thin lines) of all trajectories for the three 
states compared with ensemble distributions in bold (s = 149 kb). Distributions are smoothed using 
Gaussian kernel density estimation with a width of 100 nm. Only trajectories with at least 10 time points 
are included to ensure sufficient statistics for comparison. (D) Single-locus MSDs for all genomic 
separations (color code corresponds to Fig. 2A). Single-locus MSDs were calculated by estimating 3D 
MSDs from motion-corrected trajectories in the x-y plane of the system (see the materials and methods, 
section 3). Open data points correspond to a shorter imaging time interval At = 5.4 s (s = 149 kb). 
(E) Single-locus MSDs comparing enhancer (blue) and promoter (green) fluctuations (s = 149 kb). 

(F) Single-locus MSDs comparing fluctuations in the three states (s = 149 kb). 


the ideal chain expression (26) (see the mate- 
rials and methods, section 4.1). We found that 
the fitted two-locus diffusion coefficient in- 
creased with genomic separation up to 595 kb, 
with an approximate scaling I’(s) ~ s°?” * °° 
(Fig. 4E). This scaling appeared to plateau for 
the largest genomic separation (3.3 Mb) at a 
value close to the single-locus diffusion, which 
remained approximately constant across separa- 
tions (Fig. 4E). The absolute value of the diffu- 
sivity at the plateau was almost 20-fold larger 
than previous measurements in mammalian 
stem cells with similar genomic separation (26), 
suggesting comparatively fast chromosome dy- 
namics (fig. S23). 

The relaxation time was determined by com- 
bining our estimate of the two-locus diffusivity 
with the average interlocus distances. The com- 
bination of static and dynamic exponents in 
our system, as well as the scale-dependent dif- 
fusivity, results in an anomalous scaling of 
relaxation times with genomic separation with 
an exponent y = 0.7 + 0.2 (Fig. 4F). This ex- 
ponent corresponds to a much shallower scal- 
ing with separation than predicted by either 
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the ideal or crumpled chain theory. This result 
was further confirmed by a data collapse of the 
two-locus autocorrelation functions (Fig. 4D 
and fig. S20). Although these results are de- 
rived from the trajectories in the Ooge state, 
they are insensitive to the details of the state 
inference (fig. S11). In sum, the key result here 
is that the relaxation time, which sets the time- 
scale of two-locus encounters, is much less de- 
pendent on genomic separation than predicted 
by existing polymer models. 


Anomalous relaxation time scaling induces 
long-ranged velocity correlations 


The anomalous relaxation time scaling makes 
a key prediction for the correlations of the ab- 
solute motion of DNA loci, quantified by the 
velocity cross-correlation cs) (t) = (vi?) (to): 
vy" (t + t)),,- These correlations are deter- 
mined by the relaxation time through the 
dimensionless ratio 5/1, where 6 is the exper- 
imental observation timescale (Fig. 4G) (55). 
Having determined the relaxation times 1, 
one can therefore make a parameter-free 
prediction of the correlations, which decay 


4 of 6 


RESEARCH | RESEARCH ARTICLEI1 


Fig. 4. Joint dynamics of DNA locus pairs. (A) Ideal 
chain Rouse prediction of the two-locus MSD M2(t) = 
art’(1 - ee”) + 2) erfc[(c/nt)”7] (26) (gray line) using 
best-fit values T’, J, B = 1/2, and t = U/TY’, compared 
with experiment (s = 595 kb). Green and red lines 

give expected scaling t* for t « t for the generalized 
Rouse model for ideal and crumpled chains, respectively 
(see the materials and methods, section 5). (B) All 
experimental two-locus MSDs with relaxation times 
(dashed lines) and expected asymptotes 2(R?) 

(solid lines; color code corresponds to Fig. 2A). 

(C) Scaling of the diffusion coefficients [ from two-locus 
MSD fits (black dots) compared with single-locus 
diffusion coefficients obtained from single-locus MSDs 
(Fig. 3, F to H). Dashed line is the best fit to two-locus 
diffusivity with exponent 0.27 + 0.03 (s = 58 to 

595 kb); solid lines are the average value of single- 

locus diffusivities; shaded area shows SE calculated from 
total variance across separations. (D) Two-locus auto- 
correlation function (ACF) Ca(t) = (R(to)- R(to + t)),, = 
(R?) — Mp(t)/2 (gray) compared with data (s = 149 kb). 
Green and red curves indicate the power-law exponent 
X = 2(1 - d)/(2 + d) of the correlation function C2(t) ~ t* 
for ideal and crumpled chains for t » t, respectively 
(39). (E) Collapsed correlations C2 ~ C2(ts?)/(R°) with 
y = 0.7. Inset: raw correlations C2(t) for varying 

genomic separation. Open data points correspond to 
data obtained with a higher sampling rate. (F) Scaling 
of inferred relaxation times compared with predicted 

ideal and crumpled chain exponents. Gray line is 

the best fit with exponent y = 0.7 + 0.2. (G) Predicted 


velocity cross-correlation functions c® (t) = 
(y"(to) - 
dimension 


v°)(to +t)),, for increasing values of the 

less ratio 8/t (55). Velocities are calculated 
ona time interval & as v(t) = [x(t + 8) — x(t)/S. 

(H) Scaling of the zero-time velocity cross-correlation 
intercept normalized by the zero-time autocorrelation, 
C0) /C\®) (0), for the Oorr (blue) and Pon (red) states: 
8 = 300 s. Green line is the prediction based on ideal 
chain Rouse scaling of the relaxation times (y = 2) with an 
intercept determined based on the 58-kb data point; gray 
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line is the parameter-free prediction using the inferred anomalous relaxation time scaling (y = 0.7) (see the materials and methods, section 4.3); dashed red line is the 


average correlation in the P,,, state. 


substantially more slowly than for the ideal 
Rouse model (see the materials and methods, 
section 4.3, and Fig. 4H, green and gray lines). 
We found that the experimental correlations 
were quantitatively captured by this parameter- 
free prediction (Fig. 4H), including the full 
time dependence of the correlations (fig. $22). 
This demonstrates that the anomalous relaxa- 
tion time scaling indeed leads to long-range 
velocity cross-correlations of chromosomal 
loci, pointing toward potential long-range 
interactions. 


Discussion 


We developed an experimental approach to 
perform in vivo imaging of the joint dynam- 
ics of enhancer-promoter pairs with varying 
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genomic separation and simultaneous moni- 
toring of their transcriptional output. Observ- 
ing the dynamics of pairs of DNA loci has only 
become possible recently and has been done 
for tagged DNA loci at a single fixed genomic 
separation (8, 26, 27, 36). Here, we show how 
imaging across genomic separations gives 
insight into the relative motion, dynamic 
encounters, and transcriptional activation 
of such loci. 

Many features of the two-locus dynamics, 
including the subdiffusive exponent close to 
0.5, are very well conserved with measure- 
ments of CTCF sites at TAD boundaries in 
mammalian systems (26, 27), despite CTCF 
not being essential for Drosophila embryo- 
genesis (56). In absolute numbers, however, 
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our measurements revealed large diffusion 
coefficients of DNA loci that are ~20-fold 
larger than in mammalian cells (26) (fig. S23). 
Early fly development follows a tight sched- 
ule, suggesting that the chromosome dynam- 
ics may have evolved to operate on much 
faster timescales than mammalian systems. 
By contrast, the median lifetime of focal con- 
tacts in our system of 12 + 5 min is well within 
the range of typical CTCF loop lifetimes of 
10 to 30 min in mammalian cells (26, 27). These 
timescales facilitate transcriptional lifetimes 
of 10 + 5 min in our system, which in the ab- 
sence of the homie insulator are reduced to 
4.9 + 1.2 min (Fig. 2C and fig. S13), highlighting 
the importance of focal elements for contact 
formation in Drosophila. 
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To initiate such transcriptional encoun- 
ters, the two loci perform a search process to 
reach physical proximity. The timescale of this 
search process is given by the lifetimes of the 
unpaired Oo, state, which depends on multi- 
ple factors. These factors typically include the 
landscape of the search process (57, 58), the 
biochemical binding properties of the focal 
elements when proximity has been reached 
(59), and the correlation time of the system 
(i.e., the relaxation time). Indeed, we found 
that lifetimes increased with the relaxation 
times and were ~10 times larger on average 
(fig. S19). 

We have demonstrated how key features of 
our system, tight crumpled chain packing, sub- 
diffusion with exponent 0.5, and a separation- 
dependent two-locus diffusivity, lead to relaxation 
times that are much less dependent on genomic 
separation than predicted by existing polymer 
models. Indeed, for an ideal Rouse polymer, 
the relaxation time for our largest genomic 
separation (3.3 Mb) would be ~3000 times 
longer than for the shortest 58-kb separation. 
Our measurements, however, revealed that it 
only takes ~20 times longer, corresponding 
to a >100-fold reduction. This reduced depen- 
dence on distance implies that transcriptional 
encounters are possible across large genomic 
distances, allowing enhancers dispersed across 
the chromosome to find their target promoter 
efficiently. This might be one of the reasons 
that evolution can act on distal sequences 
from a given target promoter. Overall, our find- 
ings have crucial implications for the spatio- 
temporal organization of the cell nucleus, 
including the dynamics of long-range focal con- 
tacts (28) and mammalian enhancer-promoter 
interactions (9-12, 44). 

From a polymer physics perspective, our 
measured exponents suggest that the rela- 
tionship between static and dynamic prop- 
erties in the generalized Rouse framework, 
which relies on the assumption of local fric- 
tion, does not apply to chromosomes. This 
implies that long-range interactions such as 
hydrodynamics or active motor-mediated 
interactions (60, 61) could play a role. Indeed, 
the simplest polymer model that relaxes the 
Rouse assumption and includes long-range 
hydrodynamic interactions, the Zimm mod- 
el (54), predicts a scaling relationship of re- 
laxation times with genomic separations with 
an exponent of y = 1 (table S7), which is close 
to our measured value of y ~ 0.7. Furthermore, 
the observed separation-dependent diffusivity 
points to additional interactions or heteroge- 
neities along the polymer. Such heterogeneities 
could be caused by a number of processes, 
such as cross-linking (47), out-of-equilibrium 
activity (67), entanglements (62), or the pres- 
ence of condensates (78-20). Together, these 
processes may orchestrate the anomalous 
scaling of relaxation times with genomic sep- 
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aration. In future work, the mechanistic un- 
derpinnings of our findings should be tested 
using polymer simulations (40, 41, 51, 63-69) to 
generate hypotheses for new sets of experiments. 
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CG | lies on Mars could have formed by melting of 
water ice during periods of high obliquity 


J. L. Dickson*?, A. M. Palumbo“, J. W. Head’, L. Kerber’, C. I. Fassett*t, M. A. Kreslavsky® 


Gullies on Mars resemble water-carved channels on Earth, but they are mostly at elevations where 

liquid water is not expected under current climate conditions. It has been suggested that sublimation 

of carbon dioxide ice alone could have formed Martian gullies. We used a general circulation model to show 
that the highest-elevation Martian gullies coincide with the boundary of terrain that experienced pressures 
above the triple point of water when Mars’ rotational axis tilt reached 35° Those conditions have occurred 
repeatedly over the past several million years, most recently ~630,000 years ago. Surface water ice, if 
present at these locations, could have melted when temperatures rose >273 kelvin. We propose a dual gully 
formation scenario that is driven by melting of water ice followed by carbon dioxide ice sublimation. 


ullies on Mars resemble H,O-carved 

channels on Earth (1). Their concentra- 

tion at Mars’ midlatitudes, where near- 

surface ice is stable (-3), is consistent 

with an H,O-melting model for their 
formation. However, the observed distribution 
includes elevations where present-day atmo- 
spheric pressure is always below the triple 
point of H,O (2, 4), so solid H,O ice is expected 
to sublimate to form vapor rather than melt 
to form liquid. The seasonal timing of con- 
temporary mobilization of surface material 
within gullies is consistent with sublimation 
of solid CO, (5, 6), so it is possible that gullies 
formed from CO,-mediated processes alone 
(7). However, the mechanism of such a CO.- 
only process is uncertain and lacks an Earth 
analog. Repeat orbital imaging shows that 
present-day erosion of gullies is rare. Although 
examples have been documented (5, 6), ero- 
sion of gully channels is minor (Fig. 1A) and 
infrequent. At high latitudes (>70°), where 
solid CO, ice is emplaced and removed every 
year, ~98.3% of gullies show no activity and 
none experience channel erosion (8). 

An alternative possibility is that gullies were 
incised by small amounts of liquid H,O during 
earlier climate conditions that were more con- 
ducive to melting of H.O ice. This scenario 
would be consistent with the stratigraphy of 
gully fans (9, 10), which indicates cycles of em- 
placement of fan sediment, fracturing (Fig. 1B), 
and incision. Mars’ axial tilt (obliquity) is known 
to vary over hundreds of thousands of years 
(1D), so earlier periods of higher obliquity could 
have provided more-favorable climates for liq- 


uid H,O. Previous studies have shown that at 
35° obliquity, H.O ice accumulated on mid- 
latitude (30° to 45° in each hemisphere), 


1Division of Geological and Planetary Sciences, Caltech, 
Pasadena, CA, USA. “Department of Earth, Environmental 
and Planetary Sciences, Brown University, Providence, 
RI, USA. “Jet Propulsion Laboratory, Caltech, Pasadena, 
CA, USA. “NASA Marshall Space Flight Center, Huntsville, 
AL, USA. °Earth and Planetary Sciences, University of 
California, Santa Cruz, CA, USA. 

*Corresponding author. Email: jdickson@caltech.edu 
+Present address: Applied Physics Laboratory, Johns Hopkins 
University, Laurel, MD, USA. 


Dickson et al., Science 380, 1363-1367 (2023) 30 June 2023 


pole-facing slopes (77-15), locations that : 
contain gullies (14, 15). Meanwhile, large s..-- 
of COs, ice (currently sequestered in the south- 
ern polar ice cap) sublimated (16), producing 
an atmosphere with double its current pres- 
sure (17). The extent of terrain that exper- 
ienced conditions capable of hosting liquid 
H.O would have been greater at that time 
than in the present. 


General circulation models 


We tested the hypothesis that liquid H,0 was 
involved in the formation of gullies by in- 
vestigating whether the mapped locations 
of gullies (3) correlate with the locations of 
terrain that could host liquid H,O when Mars 
experienced 35° obliquity. We used a three- 
dimensional general circulation model (GCM) 
of Mars (13, 18) to simulate climatic condi- 
tions at three obliquities and associated pres- 
sures (J6, 17) that occurred in the past million 


Fig. 1. Active gullies and gully stratigraphy on Mars. (A) Orbital image of Terra Sirenum (37.45°S, -137.05°E) 
showing a gully channel—-forming event (5). The image was taken with the High Resolution Imaging Science Experiment 
(HIRISE) instrument in the red channel, 570 to 830 nm (image ESP_032011_1425). The white line (within white box) 
indicates a channel that formed between 14 May 2009 and 25 May 2013. This illustrates the scale of current activity 
compared with entire gully systems. (B) HiRISE image ESP_013115_1420 taken before the activity showing buried 
channel (white arrows) and fan material (black arrows) (5). (C) Enlargement of the area within the white box in (A) 
showing exhumed channel and fan material. (D) HiRISE image PSP_007592_1425 of another gully system at 176.52°E, 
37.40°S. Fractures cross-cut the gully fan material, including gully channels incised into large gully fans (10). 
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years (fig. S1 and table S1). These three sce- 
narios represent conditions that occurred re- 
peatedly through the Amazonian period (19), 
the most recent ~3 billion years of Mars’ geo- 
logic history. For all three scenarios, simu- 
lations were performed twice, with perihelion 
(closest approach to the Sun) occurring at 
summer solstice in the northern hemisphere 
and southern solstice in the southern hemi- 
sphere, for a total of six model runs. For each 
run, we mapped the locations where the at- 
mospheric pressure predicted by the GCM is 
>612 Pa and regional soil temperatures are 
>273 K, corresponding to the triple point of 
HO (20). 

At 25° obliquity, similar to present day 
conditions, locations that meet those thresh- 
olds (Fig. 2B and movie S2) correlate poorly 
with the global distribution of gullies (3). The 
atmospheric pressure does exceed 612 Pa at 
low elevations (<-2500 m) in the low and 


Fig. 2. Percentage of time above the 
triple point of H20 in each GCM 
simulation. |n all panels, the 
background image is a shaded 


relief map from the Mars Orbiter ° 5 
Laser Altimeter (MOLA) instrument qq = 
(31) in Robinson projection. Black dots Il wo 
indicate the locations of gullies (3). 2 u 
Colored points indicate the percentage = £ 
of time steps in the GCM simulations = 4 
that were above the triple point of (on 
H20. (A, ©, and E) Results for simula- a 
tions in which perihelion occurs at 

summer solstice in the northern 

hemisphere. (B, D, and F) Results 

for simulations in which perihelion = 
occurs at summer solstice in the > 2 
southern hemisphere. An orbital " & 
schematic is shown below each Bi 
panel. Obliquities are 25° [(A) 3 0 
and (B)], 30° [(C) and (D)], and = 4 
35° [(E) and (F)]. Increasing rs} ry 
obliquity leads to corresponding a 
increases in mean pressure. Each 

simulation ran for 1 Mars year. 

Pressure >612 Pa at all gully n 
ocations is only reached in the fh 2 
simulation at 35° obliquity, with ee = 
most gully locations reaching those ya 
conditions during peak southern = “ 
summer. The white box in (F) cs 
indicates the region shown a 2 
in Fig. 4. = 
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midlatitudes during the spring and summer, 
but only for brief periods of the year when 
regional soil temperatures exceed 273 K (<2% 
of GCM time steps). 

At 30° obliquity, the locations of northern 
hemisphere gullies experience conditions 
above the triple point of H,O, whereas most 
southern hemisphere gullies remain <612 Pa 
(Fig. 2, C and D). Close to perihelion, gullies 
near 30°N experience potential H,O melt- 
ing conditions for ~13% of the year (Fig. 2C 
and movie S3). Gullies in the southern high- 
lands typically do not surpass 612 Pa (Fig. 2, 
C and D). 

At 35° obliquity, pressures rise >612 Pa at 
nearly all gully sites during seasons and times 
of day when H,O ice is most likely to reach 
273 K (Fig. 2, E and F, and movie S5). Gullies 
across Mars are only observed on steep slopes 
(2, 21, 22), so they do not form on the smooth 
terrain that also exceeds the triple point of 


Perihelion: 
Northern Hemisphere Summer 


o 60° 120° 180° 


1g0°__-120° __-60° 


H,O in our model (see the supplementary 
text and fig. $2). Within 25° of the equator, 
most terrain in the model reaches pressures 
>612 Pa, but there was probably no H,O ice 
to melt in these regions. Most gullies on Mars 
(78.4%) occur between 25°S and 50°S (3); in 
the model, these locations all exceed 612 Pa 
during seasons and times of day when re- 
gional temperatures are >273 K (Fig. 2F and 
movie S6). This latitude band hosts the highest- 
elevation gullies observed on Mars, the loca- 
tions of which all surpass 612 Pa (Fig. 3). The 
model predicts a sharp boundary between 
lowlands, which are frequently >612 Pa during 
the warmest time of the season and day, and 
highlands, which rarely exceed 612 Pa. This 
boundary occurs at an elevation of ~4500 m 
and extends for ~1700 km. It matches the 
upper elevation limit of gullies, which is 4500 m 
(3) (Fig. 4). South of this boundary, gullies 
are deeply incised with large bedrock alcoves 


Perihelion: 
Southern Hemisphere Summer 
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Fig. 3. Elevation distributions of gullies and simulated locations that reach the triple point of H20. 
The black histogram shows the elevations of gullies on Mars (3), and the gray histogram shows the elevations 
of terrain that experience potential melting conditions in the GCM simulations at 25° obliquity and 

6.0 mbar (A), 30° obliquity and 8.0 mbar (B), and 35° obliquity and 12.0 mbar (€). For each obliquity, 

the northern and southern summer periods are combined. Minimum conditions for melting are achieved at 
all gully elevations in the 35° obliquity simulation. The dashed gray line indicates the distribution of 
topography in latitude bands that contain gullies; it was extracted from an equal-area gridded global MOLA 
topography map (32). The dashed vertical line indicates the maximum gully elevation. At 35° obliquity, 
H20 ice at the surface in the northern lowlands is common, holding the surface temperature at 273 K 
(movie S5) because of the latent heat of melting, so there are less-frequent conditions above the triple point 


of H20 at low elevations than at lower obliquity. 


(Fig. 4, A, D, and E). In the highlands to the 
north of the contact, gullies are absent (Fig. 4) 
despite the presence of steep pole-facing slopes 
draped with smooth, coherent regolith (figs. 
$3 and S4) that is rich in H,O ice (11) (Fig. 4B 
and fig. S4A). 


Spatial distribution of H20 melting locations 


Our model shows that at 35° obliquity, all 
gullies in the southern hemisphere exceeded 
612 Pa for >15% of a Martian year (Fig. 2) 
during seasons and times of day when re- 
gional soil temperatures surpass 273 K. Melt- 
ing of H,O in the gullies also requires the 
presence of H,O ice on or near the surface 
and surface temperatures >273 K. Gully chan- 
nels are observed to be most commonly incised 
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into an ice-cemented substrate, referred to as 
pasted-on terrain (75) (see the supplementary 
text). Ground ice that was emplaced during 
periods of high obliquity (71) is present on 
midlatitude, pole-facing slopes today (23), 
where gullies are most abundant (2, 3, 21, 22). 
This is consistent with model predictions that 
incorporate local topography (24). We there- 
fore infer that abundant H,O ice was present 
at nearly all gully sites in the ice-rich pasted- 
on terrain. This same requirement applies to 
alternative explanations involving erosion by 
COs, in which vertical deepening of gully 
channels is achieved through sublimation 
of an ice-rich layer (7). 

Surface temperature, unlike pressure, fluc- 
tuates both diurnally and due to topographic 


30 June 2023 


shading and surface composition. The GCM 
that we used does not have sufficient resolu- 
tion to fully characterize these temperature 
variations. Therefore, we considered whether 
the pressure at ice-rich gully sites could have 
surpassed the triple point of H,O during sea- 
sons and times of day when surface temper- 
atures were most likely to surpass 273 K. 
Temperatures output by the GCM are mean 
values for a cell 3.75° in longitude by 5.625° in 
latitude, assuming that the surface is dry rego- 
lith on approximately flat terrain (20). The 
temperature of H,O ice on steep slopes in 
shaded alcoves could be very different. We 
expect that the thermal inertia of H,O ice, 
which is higher than that of dry regolith, 
would dampen diurnal or seasonal temper- 
ature rises, so they would surpass 273 K more 
slowly or over more limited areas than pre- 
dicted by the model. 

We therefore compared our global results 
with previous studies of local regions that 
used higher-resolution models (25-28) and 
investigated whether they could predict ice 
>273 K during the same seasons and times of 
day as our models. Models of specific gullies 
predict HO ice surface temperatures exceed- 
ing 273 K under present conditions (25-27). 
Additionally, sudden heating of H,O frost can 
generate temperatures to within 10°C of melt- 
ing (28), with melting conditions enhanced 
during past climates with increased atmo- 
spheric pressure, as in our high-obliquity mod- 
els. HO ice surface temperatures exceeding 
273 K at high obliquity are predicted by pre- 
vious high-resolution models (26, 27, 29). We 
therefore regard H,O ice surface temperatures 
that exceed 273 K as plausible during seasons 
and times of day when our models predict 
pressures that exceed 612 Pa at all gully loca- 
tions on Mars. 


Implications for gully formation 


Our results show that at 35° obliquity, the lo- 
cations of gullies reached pressures >612 Pa, 
and ice surface temperatures likely surpassed 
273 K. These locations have abundant H,O ice 
near the surface today (23) and are thought to 
have had tens of meters more H,O ice within 
the past 1 million years (0, 11). 

If gullies were formed by small amounts of 
liquid H,O during periods of high obliquity, 
then this would explain the maximum eleva- 
tion of known gullies at ~4500 m (Figs. 3 and 4), 
as well as why stratigraphically lower gully 
channels and fans (Fig. 1B) have not been 
erased by mobilization of loose material with- 
in gullies by CO2-mediated processes (6, 7) 
(Fig. 1A). We propose the following scenar- 
io for gully formation and evolution that 
incorporates both H,O and CO, on the same 
slopes. 

First, gullies formed during periods of high 
obliquity throughout the Amazonian period. 
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Fig. 4. Uppermost vertical paral 


extent of gullies on Mars. 

(A) Mars Reconnaissance Orbiter 
Context Camera (CTX) global 
panchromatic mosaic (33) overlain 
by MOLA topography (31) of 

the Thaumasia highlands. Yellow 
stars represent mapped gullies 
(3). Grayscale dots show the per- 
centage of time spent above the 
triple point of H20 in the GCM 
simulation. There is a large 
difference between lowlands and 
highlands. Gridlines are drawn 

at GCM cell boundaries. White 
letters show locations for (B) to 
(E). (B) CTX panchromatic image 
D10_031205_1382_XN_41S091W 
of a steep, pole-facing slope 
overlain with pasted-on terrain; 
no gullies are visible at this 
resolution (5 m per pixel). 

Figure S4 shows a wider area. 
(C) CTX panchromatic image 
FO9_039196_1414 XN_38S084W 
of the highest-elevation gully 

on Mars [see context in (A)]. The 
gully has formed in pasted-on 
terrain that fills previously 
eroded bedrock alcoves. 

(D) CTX panchromatic image 
B12_014445 1332_XN_46SO086W 
of deeply incised gullies in 

Aonia Terra. (E) Additional 

CTX panchromatic image 
P15_006916_1370_XN_43S083W 
of deeply incised gullies in 

Aonia Terra. 
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Those conditions occurred several times in the 
past few million years, most recently ~630,000 
years ago (19) (fig. S1). Gully formation oc- 
curred at locations where conditions for liquid 
H,O were reached, which includes elevations 
up to ~4500 m. 

Second, Mars returned to lower obliquity 
(25°). Melting of H2O ice ceased across Mars 
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and sublimation dominated, leaving loose mate- 
rial that collected in gully channels and could 
be easily mobilized. 

Finally, alcoves and channels now serve as 
cold traps for both H,O and CO, seasonal frost 
and ice. Both CO, (6) and H,O (30) undergo 
phase changes through the course of Mars’ 
year as temperatures vary, producing occasional 
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(8) and local (6) modifications to gullies, as 
observed today (Fig. 1A). 

This scenario is consistent with the observed 
spatial distribution of gullies (7-3), the mor- 
phology of gully channels (J), gully fan strat- 
igraphy (9, 10), the observed mobilization of 
regolith within gullies (5, 6), and the lack of for- 
mation of new gully channels on Mars today (8). 


4 of 5 


RESEARCH | RESEARCH ARTICLE 


In our proposed scenario, slopes with gullies 
have hosted both CO, and H.O ices, and both 
ices were involved in the formation and mod- 
ification of gullies on Mars. 
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Observation of Rydberg moiré excitons 


Qianying Hu??*+, Zhen Zhan*°+, Huiying Cui’, Yalei Zhang’, Feng Jin’, Xuan Zhao*”, 
Mingjie Zhang’, Zhichuan Wang™, Qingming Zhang”®, Kenji Watanabe’, Takashi Taniguchi®, 


Xuewei Cao®, Wu-Ming Liu’, Fengcheng Wu*?, Shengjun Yuan*®*, Yang Xu 


1,2% 


Rydberg excitons, the solid-state counterparts of Rydberg atoms, have sparked considerable 
interest with regard to the harnessing of their quantum application potentials, but realizing 
their spatial confinement and manipulation poses a major challenge. Lately, the rise of two- 
dimensional moiré superlattices with highly tunable periodic potentials provides a possible 
pathway. Here, we experimentally demonstrate this capability through the spectroscopic 
evidence of Rydberg moiré excitons (Xgm), which are moiré-trapped Rydberg excitons in 
monolayer semiconductor tungsten diselenide adjacent to twisted bilayer graphene. In the 
strong coupling regime, the Xpy manifest as multiple energy splittings, pronounced red shift, 
and narrowed linewidth in the reflectance spectra, highlighting their charge-transfer character 
wherein electron-hole separation is enforced by strongly asymmetric interlayer Coulomb 
interactions. Our findings establish the excitonic Rydberg states as candidates for exploitation 


in quantum technologies. 


he Rydberg states of matter are ubiquitous- 

ly encountered in various physical plat- 

forms, ranging from atoms to molecules 

to solids (/-3). They share common fea- 

tures as exemplified by Bohr’s descrip- 
tion of the highly excited hydrogen atoms. The 
large spatial extent of the Rydberg-state wave 
function promotes large dipole moments with 
substantially enhanced sensitivity to weak ex- 
ternal fields. Over the past two decades, Rydberg 
atoms have drawn much more attention owing 
to the experimental developments in trapping 
and manipulation of cold atoms, facilitating 
the study of quantum many-body physics and 
quantum information processing (4-8). Sim- 
ilarly, as the high-order Coulomb bound states 
of electron-hole pairs emerged in semicon- 
ductors, Rydberg excitons have also been pro- 
posed to host various potential applications 
such as simulating the topological Haldane 
phase and implementing quantum optimiza- 
tion algorithms (3, 9, 10). Their solid-state 
nature allows for compatibility with modern 
semiconductor technologies. However, the 
requisite controllability on spatial trapping 
for Rydberg excitons can be difficult to achieve 
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in bulk materials. In this work, we instead used 
two-dimensional (2D) semiconductor mono- 
layers (specifically WSe,), which have strong 
light-matter interaction and support excitonic 
Rydberg states to high orders (77-16). 

In recent years, the Rydberg sensing tech- 
nique has been applied to the detection of near- 
by exotic electronic states and phase transitions 
by the environmentally sensitive Rydberg ex- 
citons in atomically thin semiconductors (17-19). 
In this experiment, we placed 2D moiré su- 
perlattices [specifically twisted bilayer graph- 
ene (TBG); lower layer in Fig. 1] beneath the 
monolayer WSe. (upper layer in Fig. 1) to 
provide spatially periodic modulations. When 
the wavelength i of the potential landscape 
created by TBG is smaller than (or just com- 
parable to) the exciton size rg [~7 nm for the 
2s states (14)], the Wannier-type exciton’s 
wave packet is spread over a few moiré unit 
cells and does not lose its mobile character, 
as illustrated on the left side of Fig. 1. The 
optical response of the system is dominated 
by the Rydberg sensing scheme (/7, 20). 

To realize efficient trapping, the moiré po- 
tential must have a spatial profile (A~ é at 
small twist angles 0) that is properly larger 
than the exciton size (illustrated on the right 
side of Fig. 1), as has been shown for the 
ground-state excitons in transition metal 
dichalcogenide (TMD) heterobilayers (27-28). 
In our system, the accumulated charges in the 
TBG AA sites could strongly attract the op- 
positely charged electron or hole of the loosely 
bound 2s exciton in WSe,, thus achieving spa- 
tial confinements of Rydberg moiré excitons 
(Xgm) With in situ controllable interaction 
strength up to 75 meV tuned by the charge 
density. The potential wells generated by 
the periodic charge distribution of TBG in the 
strong coupling regime ze > ~2.4) render 
an analog of the optical lattices created by a 
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standing-wave laser beam or arrays of ¢ oct 
cal tweezers for Rydberg atom trapping (J, 1,-,-— 
Given the nanoscale size («rg) of the confin- 
ing potential well, we would further elaborate 
that the rigid quantum impurity approxima- 
tion (29-36) is no longer valid for Rydberg 
excitons. The Xpy realize electron-hole sep- 
aration and exhibit the character of long-lived 
charge-transfer excitons. 


Rydberg sensing 


Figure 2A illustrates the typical device sche- 
matic. The directly contacted TBG and mono- 
layer WSes are encapsulated by hexagonal 
boron nitride (hBN) dielectrics and graphite 
electrodes where the gate voltages are applied. 
Because of the band misalignment between 
TBG and WSes, charge carriers are only doped 
into TBG, whereas WSez remains charge neu- 
tral within the experimentally accessible gat- 
ing range. We used a broadband light source 
to excite the electron-hole pairs in monolayer 
WSe, and detect their resonance energies 
through reflectance contrast (AR/Ro) spec- 
troscopy. A HeNe laser at 632.8 nm was used 
for the photoluminescence measurements. The 
energies of excitons carry information about 
dielectric screenings and interactions with 
the charges in TBG. More details on device 
fabrication and optical measurements can 
be found in (37). 

We first examined the device with relatively 
large twist angles, meaning small A/rg. The 
doping-dependent reflectance contrast (AR/Ro) 
spectrum of device D1 with @ = 10° TBG (A/7, = 
0.2 for the 2s excitons) is shown in Fig. 2B. In 
contrast to the barely changed 1s exciton (the 
excitonic ground state of WSe, near 1.71 eV), 
the 2s exciton (resonance near 1.78 to 1.8 eV) 
red shifts and merges into the renormalized 
band edge with increasing carrier densities 
(n). This observation is similar to that seen in 
the monolayer graphene/WSe, system (20, 37). 
For TBG with a twist angle as large as 10° the 
low-energy band structure maintains the linear 
dispersion of isolated graphene. In such small 
A/rg limits, the neighboring 2D electron gas 
(10° TBG here) provides a uniform dielectric 
background to screen the Coulomb interac- 
tions in WSe>. The Rydberg exciton (2s state 
here) energy can be safely expressed as the 
subtraction of the binding energy from the 
quasiparticle bandgap, both of which get re- 
normalized by increasing the density of states 
in TBG. The exciton Rydberg states therefore 
become delicate dielectric sensors to probe the 
dielectric function and electronic compress- 
ibility of the neighboring TBG. See (20, 38) for 
more details. 

The Rydberg sensing scheme also works for 
the near-magic-angle TBG (device D2, 0 = 1.14° 
X/rg = 1.9) as shown in Fig. 2D. The doping- 
dependent 2s state (near 1.75 to 1.78 eV) ex- 
hibits a symmetric sawtooth pattern around 
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Fig. 1. Schematic illustration of the interplay between a Rydberg exciton (size rg) and TBG 
moiré superlattices with small and large periodicity (wavelength 1). In the small A/rg limit (left 
panel), the moiré system provides a nearly uniform dielectric environment, and the optical response 


of the exciton is dominated by the Rydberg sensing 


features. The exciton maintains its mobile character. 


In the large A/rg limit (right panel), the Rydberg exciton can be confined by the moiré potential well 


generated by the accumulated charges in the AA si 
larger than the interlayer spacing d, rendering muc 


te of TBG. The rg is typically an order of magnitude 
h stronger interlayer interaction than the intralayer 


one in the formed Rydberg moiré exciton (Xp) complex. 


the zero density, with periodic intensity en- 
hancements on both the electron and hole- 
doped sides, labeled as v = —4, -3, ..., 3, 4, 
respectively. Among them, the v = +4 states 
correspond to the gap openings when the 
first moiré subbands of small-angle TBG are 
empty or fully filled, as schematically illus- 
trated in the right panel of Fig. 2E. The fea- 
tures at full filling densities (denoted as n,) 
allow us to determine the accurate twist an- 
gles in a wide range from ~0.73° to 1.6° in our 
devices (37). 

On the other hand, the v = +3 (+2, +1, and 0) 
states, corresponding to 3 (2, 1, and 0) charges 
per moiré site, are beyond the scope of single- 
particle band theory. In the right panel of 
Fig. 2D, these features show little temper- 
ature dependence in the range of 1.6 to 10 K, 
well above the onset of correlated insulating 
states observed by transport measurements 
(39, 40). They are consistent with the ob- 
servations by scanning tunneling microscopy 
and local electronic compressibility measure- 
ments (41, 42), both of which reveal a cas- 
cade of fourfold (spin and valley degrees of 
freedom) symmetry-broken states. We have 
observed these states with a twist angle rang- 
ing from 1.06° to 1.15°, demonstrating the 
prominent role of electronic correlations in 
the near-magic-angle TBG with band flatten- 
ing (39-45). 

In addition to the Rydberg sensing features 
discussed above, the spatially periodic dielec- 
tric screening environment provided by TBG 
modulates the spectrum as well. The emer- 
gence of the replica at higher energies (differ 
by A) is a manifestation of the formation of 
moiré bands in WSe, (20). additional optical 
transitions between states at high-symmetry 
points of the mini-Brillouin zone boundary 
become allowed above the fundamental 
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bandgap, as shown by the schematic in the 
left panel of Fig. 2E (20). The mechanism is 
similar to the emergence of additional bright 
resonances due to the Bragg-Umklapp scatterings 
in the exciton dispersion picture (46, 47). The 
experimentally observed energy separation be- 
tween the 2s state (or band edge) and its replica 
A is ~32 meV, slightly larger than the value h?/ 
6m,” = 22 meV (where hi is Planck’s constant, 
and the reduced exciton mass m, is ~0.15 free 
electron mass) expected from the weak per- 
turbation limit. 


Rydberg moiré excitons at smaller twist angles 


When the twist angle 0 is further reduced, 
we observe a pronounced enhancement of the 
interlayer Rydberg exciton-charge interactions, 
indicating access to the strong coupling regime. 
Similar reflectance spectrum measurements 
in device D3 with 0 ~ 0.6° TBG (A = 23.5 nm, 
X/rg = 3.6) is shown in Fig. 3A. Upon doping 
the TBG with either positively or negatively 
charged carriers, the Is resonance only slightly 
shifts, whereas the 2s state near 1.783 eV splits 
into multiple branches and shows nonmono- 
tonic doping dependencies. We focus on the 2s 
state in the following paragraphs, and the 
detailed discussion on other excitonic states is 
presented in (37). The resonance energies red 
shift first and then blue shift, reaching their 
minima at densities n, ~ 3.8 x 10° cm™ for 
the electron-doped side and -4.7 x 10” cm ~ for 
the hole-doped side. Some of the main branches 
could survive at relatively high temperatures up 
to 140 K, as shown in fig. S5. The splitting be- 
havior reminds us of the multiple peaks of the 
ground-state moiré excitons observed in the 
TMD heterobilayers, suggesting that the ex- 
citon wave function resides at different moiré 
stacking sites and experiences inequivalent 
potentials (20-27). We attribute our observa- 
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tions to the formation of Rydberg moiré ex- 
citons (Xp). 

The photoluminescence measurements are 
presented in Fig. 3B, where only the lowest- 
energy branch of the Xgy, shows bright emis- 
sion and follows an almost identical trend to 
that in Fig. 3A. Such a prominent doping de- 
pendence is, at first sight, notable. The lowest- 
energy Xpyy approaches the Is exciton resonance, 
by only ~10 meV larger at m,,. The energy 
shift magnitude |Eiq| from the charge neu- 
trality point is extracted in Fig. 3C, where the 
carrier density is normalized by its full filling 
density n, = 8.37 x 10" cm”. It shows a nearly 
linear dependence on the density for |n/7,| 
< ~4, as guided by the dashed lines in Fig. 3C. 
The |Esni¢| reaches its maximum energy shift 
Em = 73 meV on the electron-doped side, 
which is much larger than the internal electron- 
hole binding energy of the 2s state (~9 meV 
for the WSe, in proximity to undoped TBG) 
(37). A simple dielectric screening cannot ac- 
count for such large energy shifts. 

The interaction between an exciton and a 
uniform Fermi sea has been extensively studied 
(29-36). The conventional wisdom of dealing 
with the exciton is treating it as a rigid and 
mobile impurity in a degenerate Fermi system. 
However, such an assumption is no longer valid 
here owing to the large spatial extension of 
the Rydberg excitons and the presence of 
long-wavelength moiré potentials. Because 
the change in intralayer binding energy is 
much smaller compared with the interlayer 
interaction, the energy shift of Xpy, reflects 
the Coulomb interaction energy between the 
2s exciton and free charges in TBG. A plau- 
sible explanation is related to the spatially 
confined charge distributions in TBG that 
can help promote unequal interlayer inter- 
actions for the constituent electron and hole 
of the exciton. 

We hence carried out numerical simulations 
to extract the real-space charge distribution in 
TBG at different doping levels, as shown in 
Fig. 3E [see (37) and figs. S6 to S8 for further 
information]. Starting from the charge neutral 
point, the local charge density rises drastical- 
ly at the AA-stacked regions first, while it is 
merely changed at the AB/BA-stacked regions. 
This is closely related to the much larger local 
density of states (LDOS) of the AA site at small 
densities. While the AA-stacked region has 
a radius of ~2.6 nm (estimated from the full 
width at half maximum of the spatially en- 
hanced charge accumulation peak) that is 
much smaller than rg, the areas of the AB/BA 
stacked region are greatly enlarged owing 
to lattice reconstruction (with the schematic 
superlattices shown in the lowest map in Fig. 
3E) (48). Taking the electron-doped side as 
an example, the accumulated charges cen- 
tered at the AA-stacked region create deep 
and narrow potential wells for trapping the 
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Fig. 2. Rydberg sensing of WSe, adjacent to 10° and 1.14° TBG. (A) Schematic 
structure of a typical device with electrically grounded TBG and monolayer WSe2 
embedded in hBN/graphite dual gates. (B) Doping-dependent reflectance contrast 
(AR/Ro) spectrum of device D1 with 10° TBG (A/rg = 0.2). The WSez serves as a 
dielectric sensor, whose 2s exciton energy reflects the dielectric screening of 

the neighboring TBG. (€) Schematic band alignment between monolayer WSez and 
10° TBG. (D) Doping-dependent AR/Ro spectrum of device D2 with 114° TBG 
(A/rg = 1.9). Sawtooth features appear at filling factors -4 to 4 (highlighted by the 
red rectangle), and a replica is observed at higher energies of A = 32 meV. The right 


three panels show the temperature-insensitive sawtooth features at 1.6, 5, and 
10 K, respectively. (E) Schematic band structure of near-magic-angle TBG 

and the adjacent monolayer WSe2. The TBG features gap openings and flat 
bands, which result in the band insulating states (v = +4) and the cascade of 
symmetry-breaking phase transitions (v = 0, +1, +2, +3) observed in (D), 
respectively. Meanwhile, the spatially periodic screening of TBG folds the band 
of WSez into the mini-Brillouin zone, generating a new optically allowed transition 
at E, + A. The AR/Ro spectra above 1.74 eV in (B) and (D) are multiplied by a 
factor of 19 and 17, respectively, for better illustration. 


hole of the exciton, while the trend to mini- 
mize the repulsion energy will push the elec- 
tron of the exciton toward the AB/BA-stacked 
regions, as schematically shown in the inset 
of Fig. 3D. The role of electron and hole is re- 
versed on the hole-doped side. This process 
renders a spatial separation of the electron- 
hole pair, supporting a charge-transfer-type 
exciton that typically only forms in molecular 
crystals with electron or hole occupying adja- 
cent molecules or across an interface between 
two kinds of materials (49). 

In this scenario, with one charge residing 
at the AA site and the other charge mostly on 
the AB/BA site, the electron and hole of the 
Rydberg exciton have highly asymmetric elec- 
trical potential energies. The Fyn can then be 
approximately estimated from the difference 
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in attraction on the AA site and repulsion on 
the AB/BA site as Eni ~ (@Uaa — CUapypa) © 
(Naa — Nappa), Where Una (Uapypa) and Naa 
(Nappa) are the electric potential and carrier 
density at the AA (AB/BA) site, respectively. 
Quantitatively, the calculated na, - Nappa 
as a function of n/n, is presented in Fig. 3D, 
where a nonmonotonic trend similar to that 
of Enix is observed, with the critical densi- 
ties (2) almost identical to our experimental 
observations on both the electron and hole- 
doped sides. As the doping reaches 7,,, where 
LDOS of TBG nearly equalizes at the two sites, 
the charge density at the AB/BA site begins 
to grow faster than that in the AA site (see 
detailed charge-filling maps in fig. $7), and the 
lattice becomes more evenly filled at higher 
doping densities. Such a process explains the 


blue shift for Xpgyy at |n| > |72,,| and the con- 
vergence of the multiple branches in the large 
density limit. 

Meanwhile, considering the size of the 2s 
exciton (rg ~ 7 nm, which could be underesti- 
mated here owing to the enhanced screening 
effect) that is about an order of magnitude 
larger than the interlayer spacing d (~0.5 nm), 
the interlayer Coulomb interaction with TBG 
charges can be much stronger than the intra- 
layer one. It is thus possible to see the pro- 
nounced energy shift of the lowest-energy 
branch that is much larger than its original 
binding energy after the TBG is doped. We 
reproduced these results in another ~0.6° de- 
vice and performed control experiments by in- 
serting additional hBN spacers to increase 
the interlayer distance, as shown in fig. S9. The 
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Fig. 3. Rydberg moiré exciton formation in WSe2 adjacent to 0.6° TBG. 

(A) Reflectance contrast spectrum of device D3 with 0.6° TBG (A/rg = 3.6). The 
WSez 2s exciton resonance splits into multiple branches and exhibits 
nonmonotonic dependences when the TBG is doped. The AR/Ro spectra 
above 1.71 eV are multiplied by 30. (B) Photoluminescence spectrum of 
device D3 measured at the same location. (C) Extracted energy shift of the 
lowest-energy branch in (A) as a function of n/n, (n, denoting the full filling 
density of the first moiré band). (D) The calculated local carrier density 
difference between the AA and AB/BA sites with varying n/ng. Insets are 


energy shift is then strongly suppressed, and 
the system exhibits characteristics with weak 
interlayer interactions (37). 


Crossover between the weak and strong 
coupling regimes 

To better reveal the evolution to the strong cou- 
pling regime, more devices were fabricated and 
measured with twist angles ranging from ~0.6° 
to 1.23° as presented in Fig. 4A. Reflection con- 
trast and photoluminescence of additional de- 
vices are given in fig. S10. As the twist angle 
becomes smaller, the maximum red shift (de- 
noted as E,n, at the critical density 7,,) of the 
2s state or the lowest-energy Xp keeps grow- 
ing, accompanied by the emergence of more 
replica states. Notably, as shown in the bottom- 
right panel of Fig. 4A, the energy separation 
between Is and 2s states at 2, nearly vanishes 
in the smallest-twist-angle device where 0 is 
slightly smaller than 0.69, suggesting a strong 
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interlayer Coulomb interaction of the Xpyy that 
is even comparable to the binding energy of the 
1s state and the possibility of forming new mo- 
lecular states (50). 

We summarize the twist-angle dependences 
of E,, and m, on the electron-doped side in 
Fig. 4, B and C, respectively. The £,, is a direct 
evaluation of the maximum interlayer inter- 
action, and the experimentally obtained 7,, at 
three twist angles is in good agreement with 
that obtained from the theoretical calculations 
given in fig. S8. The n,,/n, and E,, share a 
similar trend upon varying the angle 9, likely 
stemming from the positive correlation be- 
tween charge accumulation at each moiré site 
and the interlayer Coulomb interaction en- 
ergy. Meanwhile, an obvious reduction of Xp 
linewidth (extracted for the lowest-energy 
branch) from ~8 meV to ~1.5 meV is observed 
with decreasing the twist angle into the strong 
coupling regime (Fig. 4D). The reduced line- 


1.81 0 02 04 O06 08 
Npa-Nagipa (8-U.) 


E Charge (e/atom) 


the schematic exemplification of the lowest-energy Xrm confinement on 
the electron-doped side. The moiré potential landscape facilitates the 
charge-transfer—type exciton configuration with the hole (blue sphere) 
residing on the AA site and the electron (red sphere) on the AB/BA site. 
The Naa — Napyea Versus n/n, approximately reproduces the energy shift in 
(C) as Egnirte = (CUaa — CUapyea) & (Naa — Napypa)- a.U., arbitrary units. 
(E) Calculated spatial charge distribution (in logarithmic scales) of 0.6° 
TBG at representative doping densities. The lowest map is a schematic of 
relaxed TBG moiré superlattices with AA, AB, and BA sites marked. 


width is consistent with our interpretation of 
Xpm where the spatially separated electron- 
hole configuration is likely to support longer 
coherent lifetimes. 

In this study, we developed and experimen- 
tally demonstrated a method for spatially con- 
fining and manipulating Rydberg excitons 
using long-wavelength moiré potentials. The 
strongly bound Xpy complex can be domi- 
nated by interlayer interactions and approach 
the energy of ground-state excitons. The sys- 
tem provides easy access to control the po- 
tential well depth by electrostatic doping, to 
tune the moiré wavelength by the twist angle, 
and to achieve longer lifetimes guaranteed 
by the electron-hole separation. All these fea- 
tures would be helpful for further realizing 
excitonic Rydberg-Rydberg interactions and 
coherent controls. Our study could open up un- 
precedented opportunities for the implemen- 
tation of quantum information processing 
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Fig. 4. Twist-angle dependences and crossover to the strong coupling 
regime. (A) Doping-dependent reflectance contrast spectra of devices with 
1.23°, 1.06°, 0.88° 0.8°, ~0.6° and <0.6° TBG. The nearly parallel 2s resonance 
and replica evolve into Xpy with increasing A/rg (decreasing twist angle). 

(B to D) Twist-angle dependence of the maximum energy shift E,, (B), the 
normalized critical density n/n; (C), and the estimated linewidth (D) extracted 


from the 2s resonance or the lowest-energy branch of Xpy on the electron- 
doped side. The critical density expected from the calculated na, — Napypa iS 
marked in blue (C), in good agreement with the experimental results. The 
strongly reduced optical linewidth for 6 < ~0.9° is an indication of longer 
coherent lifetimes of the Xay, in accordance with its charge-transfer character 
in the strong coupling regime. 
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Metabolic orchestration of cell death by 
AMPK-mediated phosphorylation of RIPK1 


Tao Zhang'|, Daichao Xu7*+*, Elijah Trefts*+, Mingming Lv'{, Hiroyuki Inuzuka‘, Guobin Song®, 

Min Liu®, Jianlin Lu’, Jianping Liu2, Chen Chu®®, Min Wang?®, Huibing Wang?, Huyan Meng”, Hui Liu’, 
Yuan Zhuang”, Xingxing Xie”, Fabin Dang’, Dongxian Guan®, Yugin Men®, Shuwen Jiang’*°, Cong Jiang’, 
Xiaoming Dai’, Jing Liu’, Zhen Wang’, Peiqiang Yan’, Jingchao Wang’, Zhenbo Tu’, Mrigya Babuta’, 
Emily Erickson’, Alissandra L. Hillis', Christian C. Dibble’, John M. Asara’“, Gyongy Szabo”, 

Piotr Sicinski®®, Ji Miao®, Yu-Ru Lee”, Lifeng Pan’®*, Reuben J. Shaw**, Junying Yuan2>*, Wenyi Wei!* 


Adenosine monophosphate-activated protein kinase (AMPK) activity is stimulated to promote metabolic 
adaptation upon energy stress. However, sustained metabolic stress may cause cell death. The mechanisms by 
which AMPK dictates cell death are not fully understood. We report that metabolic stress promoted receptor- 
interacting protein kinase 1 (RIPK1) activation mediated by TRAIL receptors, whereas AMPK inhibited RIPK1 
by phosphorylation at Ser*”° to suppress energy stress-induced cell death. Inhibiting pS415-RIPK1 by 

Ampk deficiency or RIPK1 S$415A mutation promoted RIPK1 activation. Furthermore, genetic inactivation of 
RIPK1 protected against ischemic injury in myeloid Ampka1-deficient mice. Our studies reveal that AMPK 
phosphorylation of RIPK1 represents a crucial metabolic checkpoint, which dictates cell fate response to 
metabolic stress, and highlight a previously unappreciated role for the AMPK-RIPK1 axis in integrating 


metabolism, cell death, and inflammation. 


denosine monophosphate (AMP)-activated 
protein kinase (AMPK) is an evolution- 
arily conserved sensor of cellular nutrient 
status and regulator of energy homeosta- 
sis in eukaryotes (J). In response to in- 
creases in intracellular AMP that always 
accompany decreases in adenosine triphos- 
phate (ATP), AMPK is activated and serves 
as a metabolic checkpoint (/-4). However, 
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when extensive metabolic stress overrides 
AMPK-mediated adaptation, it activates cell 
death (5, 6). The mechanisms by which AMPK 
modulates cell survival under metabolic stress 
are not fully understood. Receptor-interacting 
protein kinase 1 (RIPK1) is a key mediator of 
cell death and inflammation (7, 8). Activated 
RIPK1 may mediate receptor-interacting protein 
kinase 3 (RIPK3) and mixed lineage kinase 
domain-like (MLKL)-dependent necroptosis or 
caspase-8-dependent apoptosis upon stimulation 
of tumor necrosis factor receptor 1 (TNFR1) by 
tumor necrosis factor-o. (TNFa) (9-12). RIPK1 
is also activated downstream of the death re- 
ceptors of Fas (also called CD95), as well as 
TRAIL receptor 1 (TRAIL-R1, also called DR4) 
and TRAIL-R2 (also called DR5) in addition 
to TNFR (13-18). Notably, inhibition of RIPK1 
activation is highly effective in protecting against 
ischemic damage (19, 20). However, it remains 
unknown whether and how RIPK1 may be ac- 
tivated under ischemic conditions. 


Metabolic stress promotes the activation 
of RIPK1 


To this end, we incubated cells with glucose- 
free medium for various lengths of time. Wild- 
type (WT) mouse embryonic fibroblasts (MEFs) 
died after 48 hours of glucose deprivation, 
whereas most MEFs expressing catalytically in- 
active RIPK1 (RipkrP??) survived (Fig. 
1A and fig. SIA). Moreover, glucose deprivation 
increased phosphorylation of RIPK1 (S166), a 
biomarker of RIPK1 activation (2/7, 22), as well 
as that of RIPK3 (T231/S232) and MLKL (S345), 
hallmarks of necroptosis (17), which were all 
blocked in RipkiP?*\"!2" MEFs (Fig. 1, B 
and C, and fig. S1, B and C). Glucose depriva- 
tion activates RIPK1 in multiple cell lines, 
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including colon cancer HT-29 cells, mc 
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microglia BV2 cells, human T lymphot,.2 
Jurkat cells, and human U2OS osteosarcoma 
cells (fig. S1, D to I). Increased insolubility is 
another hallmark of activated RIPK1, RIPK3, 
and MLKL (22). In glucose-starved MEFs, the 
amounts of RIPK1, RIPK3, and MLKL were 
decreased in a mild-detergent (NP-40)-soluble 
fraction but increased in an NP-40-insoluble 
and 6M urea-soluble fraction, which was large- 
ly blocked by the Ripki??°"?"" mutation 
(Fig. 1C and fig. S1, C, F, and G). We also ob- 
served interaction of RIPK1 and RIPK3 in MEFs 
after glucose starvation (fig. S1J). Glucose dep- 
rivation induced apoptosis, as marked by the 
cleavage of RIPK1 and caspase-3 (CC3) (Fig. 1B 
and fig. SIK). We exposed cells to various con- 
centrations of glucose and found that only 
severe energy stress induced necroptosis and 
apoptosis (Fig. 1D). Prolonged treatment of 
cells with the glucose analog 2-deoxyglucose 


(2DG), which blocks cellular glucose utilization : 


by indirectly inhibiting hexokinase, also acti- 
vated RIPK1 to promote necroptosis (fig. SIL). 

RIPK1 promotes cell death through its 
kinase activity, whereas it inhibits cell death 
through its scaffold functions (27, 23-25). Un- 
like RipkPP?°/"“8N MEFs, which showed re- 
sistance to glucose deprivation-induced cell 
death, Ripk1 knockout (KO) MEFs were more 
sensitive to cell death induced by glucose star- 
vation than were WT MEFs (fig. S2A). However, 
in Jurkat cells, RIPK1 deficiency decreased cell 
death and the activation of RIPK3 and MLKL 
induced by glucose starvation (fig. $2, B and 
C), indicating that the effects of RIPKI de- 
ficiency on cell death in response to glucose 
starvation depend on the cellular context. To 
investigate the role of necroptosis in glucose 
deprivation-induced cell death, we deprived 
WT, Ripk3, and MIKI KO cells of glucose for 
various lengths of time. Deletion of either 
Ripk3 or MIKI partially prevented cell death 
induced by glucose deprivation (fig. $2, D to 
F). Notably, the loss in viability and the degree 
of RIPK1 activation were comparable between 
WT and 7nfr1/2 double knockout (DKO) cells 
(fig. S2, G and H), which indicates that glucose 
deprivation-induced activation of RIPK1 and 
cell death is independent of the TNFa signal- 
ing pathway. 

Next we subjected WT mice, RipkP2!°/?38 
mice, and 7nfr1/2 DKO mice to hepatic ische- 
mia, a condition that causes mouse livers to 
become pale, enlarged, and damaged (fig. S3, A 
and B). Histological analysis showed severe 
inflammatory infiltration and cell death in 
ischemic WT and Tnfr1/2 DKO mice but not 
in RipkrP?®’”5N mice (Fig. 1E). We detected 
activation of RIPK1 as determined by p-RIPK1 
(S166) immunostaining and cell death as deter- 
mined by terminal deoxynucleotidyl transferase- 
mediated deoxyuridine triphosphate nick end 
labeling (TUNEL) assay in the livers of WT 
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Fig. 1. Metabolic stress promotes cell death and inflammation in a RIPK1- 


dependent manner. (A) WT or Ripk1?3°/"235" WEFs 
free medium for the indicated times (hours), followed 
using propidium iodide (Pl) uptake assay. 


biological repeats. (C) WT or RipkI238™/"! 


and Tnfr1/2 DKO mice but not in those of 
RipkiP?8X/8N mice (Fig. 1E and fig. $3C). 
We analyzed the gene expression profiles of 
whole livers by RNA sequencing (RNA-seq). 
Compared to WT sham control mice, WT and 
Tnfrl/2 DKO mice showed increased expres- 
sion of genes associated with an inflammatory 
response, including interferon alpha (/fn-a), 
transforming growth factor beta (TGF-B), C-X-C 
motif chemokine ligand 10 (CrclI0), C-X-C mo- 
tif chemokine ligand 2 (Cxrcl2), and C-C motif 
chemokine ligand 2 (Ccl2) (Fig. 1, F and G, and 
fig. S3, D and E); and down-regulation of genes 
involved in oxidation-reduction processes and 
the transport signaling pathway (fig. $3, F and 
G). These gene expression abnormalities were 
largely rescued by genetic inhibition of RIPK1 
in Ripk]??°X/"38 mice (Fig. 1, F and G, and 
fig. S3, F and G). We confirmed the increased 
production of Ccl2, Cxcl2, interleukin 1 alpha 
Ca), interleukin 1 beta (/77b), and interleu- 
kin 6 (6) by enzyme-linked immunosorbent 
assay (ELISA), all of which were reduced in the 
blood of Ripk1?”?*" mice but not in that of 
Tnfr1/2 DKO mice (Fig. 1H). Thus, these re- 
sults indicate that ischemia promotes RIPK1- 
dependent cell death and inflammation in a 
TNFo-independent manner. 

We next explored the possible roles for other 
death receptors including Fas, DR4, and DR5 
in the regulation of RIPK1 activity upon glu- 
cose starvation. Deletion of DR4 or DR5 but 
not FAS reduced RIPK1 activation and cell 
death (fig. S4, A to F). Glucose deprivation 
activates TRAIL receptors through an activat- 
ing transcription factor 4 (ATF4) and C/EBP 
homologous protein (CHOP)-dependent mecha- 
nism, which promotes cell death in a ligand- 
independent manner (26). Consistently, we 
observed increased up-regulation of TRAIL 
receptors after glucose starvation (fig. S4, D 
and F). We used the liver ischemia injury mouse 
model to examine the role of Dr5, which is the 
single TRAIL receptor expressed in mice (27). 
Dr5 deficiency suppressed RIPK1 activation, 
cell death, and inflammation (fig. S4, G and 
H). Thus, our data demonstrate that TRAIL 
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Data are mean + SD of n = 3 biological 
independent samples. Two-way analysis of variance (ANOVA); ***P < 0.001. 
(B) MEFs were cultured in glucose-free medium for the indicated times. The 
evels of proteins were determined by immunoblotting. n = 3 independent 

38N MEFs were cultured in glucose-free 
medium for the indicated times. The levels of proteins in mild-detergent 
(NP-40)-soluble fraction and 6 M urea-soluble fraction were determined by 


were cultured in glucose- 
by cell viability analyses 
shown. Quantification of p-RIPK1(S166)-positive cells i 
Data are mean + SEM, one-way ANOVA, post hoc Dun 
n.s., not significant. Scale bars, 100 um. (F) Heatmap 


mice subjected to liver ischemia for 18 hours. (G) Gen 


e Ontology analys 


genes that are up-regulated in the livers of mice subjected to liver ische 
18 hours in a RIPK1-dependent manner. (H) ELISA analyses of the levels 


protocol of liver ischemia for 18 hours. Histological analysis and immunostaining 
for p-RIPK1(S166) were performed on liver sections (n = 4 mice in each group). 
DAPI (4',6-diamidino-2-phenylindole) for nuclei. Representative images a 
s shown at the bottom. 
nett’s test; ***P < 
of genes differenti 
expressed in the whole livers derived of WT, Tnfrl/2 DKO, and Rpik1D38/138N 


e 


0.001; 
ally 


is of 
mia for 
of 


immunoblotting. n = 3 independent biological repeats. (D) MEFs were cultured in 
the medium with different glucose concentrations for 36 hours. The levels of 
proteins were determined by immunoblotting. n = 3 independent biological 
epeats. (E) WT, Tnfrl/2 DKO, and Rpik12!38N/2138N rj 


Rpik]D138N/138N 


ce were subjected to a 


receptors function as upstream drivers for 
RIPK1 activation and cell death under glucose 
deprivation conditions. 


AMPK phosphorylates RIPK1 in response to 
metabolic stress 


AMPK is a highly conserved sensor of cellular 
energy status, which is activated under condi- 
tions of low cellular energy such as glucose 
deprivation (28). RIPK1 derived from cells ex- 
posed to glucose deprivation showed a pro- 
found RIPK1 mobility shift on standard SDS- 
polyacrylamide gel electrophoresis (SDS-PAGE), 
which was diminished by the treatment of 
the protein with lambda-phosphatase. Thus, 
glucose deprivation appears to induce RIPK1 
phosphorylation (Fig. 2, A and B, and fig. S5, 
A and B). Moreover, this glucose deprivation- 
induced RIPK1 mobility shift was not reversed 
by RIPK1-specific inhibitor necrostatin-1s 
(Nec-1s) (19) (fig. S5, C to E). These data in- 
dicate that glucose deprivation-induced RIPK1 
phosphorylation is not entirely dependent on 
RIPK1 autophosphorylation. In keeping with 
this notion, cells expressing RIPK1 catalyt- 
ically inactive mutant (K45M) (29) showed a 
strong upshifted band, which was diminished 
in AMPK DKO cells, indicating that AMPK 
might target RIPK1 for phosphorylation (fig. 
S5F). We conducted mass spectrometry analy- 
sis of RIPK1 phosphorylation under glucose 
starvation conditions and found that Ser*”® 
of RIPK1 is likely a specific phosphorylation 
site in response to glucose deprivation (fig. S6, 
A and B). Further sequence analysis showed 
that the RIPK1 Ser“”® residue conforms to the 
AMPK substrate motif validated in some pre- 
viously identified AMPK substrates (30) (fig. 
S6C) and represents an evolutionarily con- 
served residue in human, rat, and mouse 
(fig. S6C). 

To examine endogenous RIPK1 phosphoryl- 
ation, we developed a phosphospecific anti- 
body against p-S416 of human RIPK1, which 
corresponds to p-S415 of mouse RIPK1 (fig. S6, 
D and E). p-S416 of RIPK1 was increased in 


response to a constitutively active AMPKol 
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indicated cytokines and chemokines in serum from WT, Tnfr1/2 DKO, and 
mice subjected to liver ischemia for 18 hours. Data are 
presented as mean + SEM, and each dot represents one mouse. One-way 
ANOVA, post hoc Dunnett's test; *P < 0.05, ***P < 0.001. 


allele (37) (fig. S7A). We observed increased 
endogenous p-S415 of murine RIPK1 or p-S416 
of human RIPK1 in WT but not in Ampk DKO 
MEFs and HT29 cells, respectively, after glu- , 
cose starvation (Fig. 2, C and D). We tested 
whether direct pharmacological activation of 
AMPK was sufficient to induce phosphoryla- 
tion of RIPK1. Phosphorylation of RIPK1 at 
Ser” was induced by the treatment with AMP- 
mimetic aminoimidazole carboxamide ribo- 
side (AICAR) in an AMPK-dependent manner 
(Fig. 2E and fig. S7B). Similarly, treatment 
with compound 991, a small molecule that di- 
rectly binds to and activates AMPK (32), was 
sufficient to induce RIPK1 phosphorylation at 
Ser‘ (Fig. 2F). Consistently, phosphorylation 
of RIPK1 was also increased in response to 
treatment with metformin, a widely prescribed 
drug for type 2 diabetes that is known to ac- 
tivate AMPK both in vitro and in vivo (33) (Fig. 
2G and fig. $7, C and D). 

Liver kinase B1 (LKB1) is the major kinase 
that activates AMPK under conditions of en- 
ergy stress (34). Treatment with metformin 
or glucose starvation resulted in the phos- 
phorylation of RIPK1 at Ser*”’, which was 
abolished in LkbI KO MEFs (fig. S7, E and F). 
The phosphorylation of RIPK1*” in these 
cells paralleled the phosphorylation of a well- 
established AMPK substrate, acetyl-coenzyme 
A carboxylase (ACC) (Fig. 2, C to G, and fig. 
87, C and D) (35). Phosphorylation quickly 
returned to basal levels when cells were re- 
stimualted with 25 mM glucose after glucose 
deprivation for 4 hours (Fig. 2H and fig. 
S7G). We therefore tested whether AMPK 
might directly phosphorylate RIPK1. We de- 
tected a physical interaction between overex- 
pressed Flag-tagged RIPK1 and hemagglutinin 
(HA)-tagged AMPK (fig. S7H). Recombinant 
AMPK induced phosphorylation of Flag-tagged 
RIPK1 at Ser*’® or a myelin basic protein fu- 
sion with a RIPK1 fragment (390-436) in an 
in vitro kinase assay (Fig. 2I and fig. S7I). 
Furthermore, we used *’P-labeled ATP in an 
in vitro kinase assay (36). The inactive Flag- 
tagged RIPK1 K45M mutant or glutathione 
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Fig. 2. AMPK phosphorylates RIPK1 at $416 in response to metabolic 
stress. (A) WT or Ripk12°5%/"258" MEFs were cultured in glucose-free 
medium for 12 hours. Cell lysates were then subjected to immunoblotting 
using anti-RIPK1 antibody. n = 3 independent biological repeats. (B) U20S 
were cultured in glucose-free medium for 4 hours. Cell lysates were treated 
with lambda-phosphatase (APPase), as indicated, for 30 min and then 
subjected to immunoblotting using anti-RIPK1 antibody. (©) WT and Ampk 
DKO MEFs were cultured in glucose-free medium for the indicated times. 
The levels of proteins were determined by immunoblotting. n = 3 independent 
biological repeats. (D) WT and AMPK DKO HT-29 cells were cultured in 
glucose-free medium for 12 hours. The levels of proteins were determined 
by immunoblotting. n = 3 independent biological repeats. (E) WT and Ampk 
DKO MEFs were treated with 2 mM AICAR in the presence of glucose for 
the indicated times. The levels of proteins were determined by immuno- 
blotting. n = 3 independent biological repeats. (F) MEFs were treated with 
50 uM 991 in the presence of glucose for the indicated times. The levels of 
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Liver 


proteins were determined by immunoblotting. n = 3 independent biological 
repeats. (G) WT and Ampk DKO MEFs were treated with 2 mM metformin in 
the presence of glucose for various times. The levels of proteins were 
determined by immunoblotting. n = 3 independent biological repeats. 

(H) U20S were starved of glucose (—Glucose) for 4 hours, and then the 
culture was switched to glucose-containing (25 mM) medium for indicated 
times (Re-Glucose), and samples were harvested. n = 3 independent 
biological repeats. (I) Flag-RIPK1 purified from human embryonic kidney 293T 
cells expressing Flag-tagged WT or S416A mutant of RIPK1 for 24 hours 
was combined with recombinant (Recomb.) active AMPK as indicated in an 
in vitro kinase reaction. The amounts of p-RIPK1 (S416) were determined by 
immunoblotting. n = 3 independent biological repeats. (J) Western blot 
analysis of p-RIPK1 (S415) in livers from fed and fasted (16 hours) animals 
(n = 5). Quantification of p-RIPK1(S415) is shown on the right. Data are 
presented as mean + SEM, and each dot represents one mouse. Unpaired 
two-tailed t test; ***P < 0.001. 
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Fig. 3. AMPK deficiency promotes RIPK1-driven cell death and inflammation = Two-way ANOVA; ***P < 0.001. (B) WT or Ampk DKO MEFs were cultured in 


in vitro and in vivo. (A) WT or Ampk DKO MEFs were cultured in glucose- glucose-free medium for 30 hours. The levels of proteins in mild-detergent 
free medium for the indicated times followed by cell viability analyses using Pl (NP-40)-soluble fraction and 6 M urea-soluble fraction were determined by 
uptake assay. Data are mean + SD of n = 3 biologically independent samples. immunoblotting. n = 3 independent biological repeats. (©) WT or Ampk DKO 


Zhang et al., Science 380, 1372-1380 (2023) 30 June 2023 5 of 9 


RESEARCH | RESEARCH ARTICLE 


MEFs were cultured in glucose-free medium for 24 hours. Afterward, cell lysates 
were immunoprecipitated with anti-RIPK1 antibody, and the immunocomplexes 
were analyzed by immunoblotting using anti-RIPK3 antibody. n = 3 independent 
biological repeats. Quantified values for Western blot images are shown on 

the right. **P < 0.01. (D) Ampkal/a2“"-Ubc-Cre®® mice were treated with 

or without tamoxifen (4 mg per day, for 5 days) to induce Ampk deletion. 
Spleens were harvested 8 weeks after tamoxifen treatment, and then 
immunostaining for p-RIPK1(S166) was performed on spleen sections (n = 5 
mice in each group). DAPI for nuclei. Representative images are shown. Data are 
presented as mean + SEM, and each dot represents one mouse. Unpaired 
two-tailed t test; **P < 0.01. Scale bars, 100 um. (E) MEFs were cultured 

in glucose-free medium for the indicated times. The levels of proteins were 
determined by immunoblotting. n = 3 independent biological repeats. Quantified 
values for Western blot images are shown at the bottom. (F) Ripkl-”~ MEFs 
econstituted with WT or S415A mutant of RIPK1 were cultured in glucose-free 
medium for the indicated times followed by cell viability analyses using PI uptake 
assay. Data are mean + SD of n = 3 biological independent samples. Two- 

way ANOVA; ***P < 0.001. The expression of RIPK1 was determined by 


S-transferase (GST) fusion of RIPK1 fragment 
(390-436) was phosphorylated by AMPK (fig. 
87, J and K). The stoichiometry of the phos- 
phorylation of RIPK1 at Ser“”® by AMPK was 
estimated to be 0.51 mol phosphate per mol of 
RIPK1 fragment (390-436). AMPK-mediated 
incorporation of *’P into RIPK1 was not ob- 
served for the RIPK1 fragment containing the 
S416A mutation (fig. S7K), indicating that 
AMPK predominantly phosphorylates RIPK1 
at Ser*’®, Furthermore, we detected RIPK1 
p-S415 in mouse tissues including lung and 
brain (fig. S7L). Moreover, in mice subjected 
to fasting, which causes low glucose in vivo 
(fig. S7M) (37), RIPK1 p-S415 was increased in 
liver and pancreas, two organs that are sen- 
sitive to fasting, a condition in which AMPK 
is activated (Fig. 2J and fig. S7N). 


Ampk deficiency promotes RIPK1-driven cell 
death and inflammation 


We tested whether phosphorylation of RIPK1 
by AMPK represents a survival mechanism in 
response to glucose deprivation. Ampk defi- 
ciency sensitized cells to glucose deprivation- 
induced cell death (Fig. 3A and fig. S8A). 
Moreover, genetic deletion of Ampk in MEFs 
promoted activation of RIPK1 (Fig. 3B). Ac- 
cordingly, glucose deprivation induced greater 
association of RIPK3 with immunoprecipi- 
tated RIPK1 in Ampk DKO MEFs than in WT 
MEFs, indicating that Ampk deficiency pro- 
motes RIPK1-driven necroptosis (Fig. 3C). 
Similar results were obtained in AMPK DKO 
HT-29 cells (fig. S8, B to E). Because the ac- 
tivation of RIPK1 by glucose deprivation in- 
duces both necroptosis and apoptosis, and 
RIPK1-induced apoptosis is caspase-8 depen- 
dent (38), we explored the contribution of 
necroptosis and apoptosis to the glucose 
deprivation-induced cell death in Ampk DKO 
MEFs. Cell death induced by glucose depri- 
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from Ripk1S4194/S419A 


vation in Ampk DKO MEFs was reduced by 
10 uM pan-caspase inhibitor quinoline-Val- 
Asp-difluorophenoxymethylketone (QVD-oph) 
or 3 uM RIPK3 inhibitor GSK’872 (fig. S8, F 
and G). 

To determine the role of AMPK in the reg- 
ulation of RIPK1 activity in vivo, we measured 
RIPK1 activation by p-S166 RIPK1 immuno- 
staining in a diverse set of tissues from 
Ampkaloa2”;Ubc-Cre**" mice that were 
treated with tamoxifen to induce the deletion 
of both Ampka1 and Ampka2. Loss of Ampka1 
and Ampka2 induced RIPK1 activation and 
increased cell death in multiple tissues, in- 
cluding spleen, kidney, and intestine (Fig. 3D 
and fig. S9, A to G). We did not observe in- 
creased RIPK1 activity in the livers of Ampka1 
and Ampka2-deficient mice (fig. S9, H and I). 
Thus, there may be tissue-specific activation of 
RIPK1 in mice lacking Ampkal and Ampka2. 
Notably, prolonged glucose deprivation or 
AICAR activation of AMPK overcame the 
adaptive response and triggered RIPK1 activa- 
tion and cell death (Fig. 3E and fig. SIOA). We 
also treated MEFs with 2-DG for various lengths 
of time. Short-term treatment of cells with 2-DG 
activated AMPK (39) and increased phospho- 
rylation of RIPK1 at Ser"? (fig. SIOB). However, 
phosphorylation of RIPK1 at Ser*”’ decreased 
after prolonged treatment of cells with 2-DG, 
which caused RIPK1 activation, as determined 
by p-RIPK1 (S166) (fig. SIOB). Thus, modified 
AMPK-mediated phosphorylation of RIPK1 may 
contribute to the switch from adaptive homeo- 
stasis to cellular demise in cells exposed to 
prolonged metabolic stress. 

Consistent with the notion that AMPK- 
mediated phosphorylation of RIPK1 directly 
inhibits its activity, overexpression of RIPK1 
S416A mutant led to higher amounts of p-S166 
RIPK1 (fig. S11A). We reintroduced WT and 
$415A mutant of RIPK1 into RipkI KO MEFs. 
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immunoblotting and is shown at the bottom. (G) Ripk 
WT littermate mice were subjected to liver IR injury. Histological analysis on liver 
sections was performed (n = 4 mice in each group). (H) Ripk 
control WT littermate mice were subjected to liver IR injury. Immunostaining for 
p-RIPK1(S166) on liver sections was performed (n = 4 mice in each group). 
DAPI for nuclei. Representative images are shown. Microscopic quantification 
of p-RIPK1(S166)-positive cells is shown at the bottom. Data are presented as 
mean + SEM, and each dot represents one mouse. One-way ANOVA, post hoc 
Dunnett's test; ***P < 0.001. (I) TUNEL assays were performed on liver sections 
and control WT littermate mice subjected to liver IR 
injury (n = 4 mice in each group). DAPI for nuclei. Representative images 

are shown. Microscopic quantification of TUNEL-positive cells was shown on the 
right. Data are presented as mean + SEM, and each dot represents one mouse. 
One-way ANOVA, post hoc Dunnett's test; ***P < 0.001. (J) ELISA analyses 

of the concentrations of indicated cytokines and chemokines in serum from 
Ripk1S4#°4/S4 and control WT littermate mice subjected to liver IR injury (n = 4 
mice each group). Data are presented as mean + SEM, and each dot represents one 
mouse. One-way ANOVA, post hoc Dunnett's test; **P < 0.01, 


SA4ISA/S4I15A and control 


S415A/S415A and 


*P < 0.001. 


Ripk1 KO MEFs reconstituted with the RIPK1 
S$415A mutant were more sensitive to cell 
death induced by glucose deprivation than 
were the cells reconstituted with WT RIPK1 
(Fig. 3F and fig. S11B). Treatment of cells with 
either caspase inhibitor QVD-oph or RIPK3 
inhibitor GSK’872 reduced cell death (fig. S11, 
C and D). To further investigate the physio- 
logical importance of AMPK-mediated phos- 
phorylation of RIPK1 in vivo, we generated 
RipkP!“/S"4 knock-in mice by the CRISPR-Cas9 
technology (fig. S11, E and F). Ripkrs#““S#4 
mutant mice were born in normal Mendelian 
ratios, and their growth appeared normal (fig. 
S11, G and H). However, the RIPK1 S415A mu- 
tation increased cell death and inflammation 
(Fig. 3, G to J, and fig. S111). These results in- 
dicate that RIPK1 $415 phosphorylation inhib- 
its RIPK1 activity and blocks cell death in 
response to energy stress. 

We also investigated whether AMPK has a 
role in restraining RIPK1 activity in the con- 
text of TNFo-induced cell death. Ampk defi- 
ciency had no effect on RIPK1 activation and 
inflammation induced by TNFa alone or TNFa- 
SM-164 (TS) or TNFo-SM-164-zVAD.fmk (TSZ) 
(fig. S12). Moreover, the RIPK1 $415A mutation 
had no effect on RIPK1 activation, cell death, 
or inflammation induced by TNFo in combi- 
nation with SM-164 or zVAD.fmk (fig. S13). 
Thus AMPK-mediated RIPK1 phosphorylation 
appears not to affect TNFa-induced cell death 
and inflammation. 


Inhibition of RIPK1 protects against liver 
ischemia-reperfusion injury in myeloid 

Ampk KO mice 

AMPK exerts anti-inflammatory effects, espe- 
cially in macrophages, as metabolic activity 
and inflammatory status are directly linked 
in these cells (40). We conditionally deleted 
Ampkal, which is the only catalytic subunit 
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Fig. 4. Inhibition of RIPK1 activity protects against liver IR injury in 
myeloid Ampk KO mice. (A) Schematic of liver IR injury involving 60 min of 
global ischemia followed by an 18-hour reperfusion period. (B) Serum ALT and 
AST levels were measured from control (n = 9), Ampkal‘:LysM Cre (n = 9), and 
Ampkal-LysMCre;Ripk1P38""8N (pn = 9) mice subjected to liver IR injury. 
Data are presented as mean + SEM, and each dot represents one mouse. One- 
way ANOVA, post hoc Dunnett's test; ***P < 0.001. (€) Histological analyses 
were performed on liver sections of Ampkal:LysM Cre, Ampkal"LysM 
Cre:RipkI?38"/38" and control littermate mice subjected to liver IR injury (n = 4). 
Representative images are shown. Scale bars, 100 um. (D) Immunostaining 

for p-RIPK1(S166) was performed on liver sections of Ampkal’-LysM Cre, 
Ampkal-LysM Cre:Ripk1238""35" and control littermate mice subjected to 
liver IR injury (n = 4). DAPI for nuclei. Representative images are shown. Scale 
bars, 100 um. (E) Quantification of p-RIPK1(S166)-positive cells on liver 
sections from (D). Data are presented as mean + SEM, and each dot represents 
one mouse. One-way ANOVA, post hoc Dunnett's test; ***P < 0.001. 

(F) TUNEL assays were performed on liver sections of Ampkal’“:LysM Cre, 


Ampkal"LysM Cre;RipkI?!3*“9!8"’ and control littermate mice subjected to liver 
IR injury (n = 4). DAPI for nuclei. Representative images were shown. Scale bars, 
100 wm. (G) Quantification of TUNEL-positive cells on liver sections from (F). Data 
are presented as mean + SEM, and each dot represents one mouse. One-way 
ANOVA, post hoc Dunnett's test; ***P < 0.001. (H) Quantitative reverse 
transcription polymerase chain reaction analysis of the mRNA expression of 
cytokines and chemokines in livers from control (n = 4), Ampkal’LysM Cre 
(n = 4), and Ampkal“LysM Cre:Ripk1°'98™/"18" (np = 4) mice subjected to liver IR 
injury. Data are presented as mean + SEM, and each dot represents one mouse. One- 
way ANOVA, post hoc Dunnett's test; **P < 0.01, ***P < 0.001. (I) A schematic model 
to illustrate a delicate and temporal cellular response of RIPK1 to metabolic stress: 
Cells activate AMPK to suppress RIPK1 activation, allowing survival under energy stress 
in the short term, whereas over longer time periods, as the AMPK phosphorylation of 
RIPK1 is lost, the inhibition is relieved, promoting a switch to activated RIPK1-mediated 
cell death and inflammation. Moreover, long-term glucose starvation causes the 
ATF4/CHOP-dependent up-regulation and activation of TRAIL receptors DR4 and 
DR5, which promotes RIPK1 activation, cell death, and inflammation. 


isoform expressed in macrophages (47), in mye- 
loid cells using Ampkar" mice expressing 
LysM-Cre and then crossed these mice with 
RipkP?N3" mice to generate Ampka"; 
LysM-Cre;RipkPPP XN mice. Ampkal 
expression was blocked in bone marrow- 
derived macrophages (BMDMs) isolated from 
Ampkat™.LysM-Cre and Ampkat!:LysM- 
Cre;RipkP 9’ mice (fig. S14A). Ampkat™; 
LysM-Cre mice showed normal liver and body 
weight, normal amounts of serum alanine 
aminotransferase (ALT) and aspartate amino- 
transferase (AST), and normal liver morphology 
(fig. $14, B to E). Similar to MEFs, Ampk- 
deficient BMDMs showed increased RIPK1 
activation when deprived of glucose (fig. S14, 
F to H). 

Next we subjected these mice to liver 
ischemia-reperfusion (IR) injury (Fig. 4A). 
Ampkat™”:LysM-Cre mice showed increased 
abnormal ALT and AST in serum compared 
with WT mice (Fig. 4B). Moreover, Ampkar™, 
LysM-Cre mice showed increased infiltration 
of inflammatory cells, which was reduced in 
Ampkat™".LysM-Cre;RipkP P22’ mice 
(Fig. 4C and fig. S15, A and B). We also de- 
tected increased numbers of p-S166 RIPK1* 
and TUNEL’ cells as well as increased ex- 
pression of proinflammatory cytokines in the 
livers of Ampkar’ “.T ysM-Cre mice compared 
with those of WT mice (Fig. 4, D to H). We 
immunostained liver tissues after IR injury 
with a phosphospecific RIPK3 antibody vali- 
dated in previous studies (42). Although we 
detected a substantial amount of TUNEL* 
cells in livers of Ampkak™":LysM-Cre mice 
after hepatic IR injury, none of them showed 
phosphorylation of T231/S232 of RIPK3, in- 
dicating the absence of necroptosis in IR- 
injured livers (fig. SI5C). These data indicate 
that RIPK1-dependent apoptosis, more so 
than necroptosis, mediated cell death and 
inflammation in response to ischemic stress 
(fig. S15). 
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Next we transplanted bone marrow from 
mice in which Ampk was deleted in myeloid 
cells with or without RipkI??°"5% into 
WT, RipkP!8%28N and Ripkt45"4 mice 
(fig. SI6A) (43). Lethally irradiated WT recipient 
mice reconstituted with Ampkak™ -LysM-Cre 
bone marrow cells showed increased con- 
centrations of ALT and AST in serum com- 
pared with WT recipient mice reconstituted 
with Ampkar ‘bone marrow cells in response 
to liver IR injury (fig. SI6B). Thus, Ampkal 
deficiency in myeloid cells appears to pro- 
mote liver damage after hepatic IR injury in 
a non-cell-autonomous manner. Consistently, 
RipkP?95N recipient mice reconstituted 
with Ampka?™":LysM-Cre bone marrow cells 
showed decreased concentrations of ALT 
and AST in serum compared with WT reci- 
pient mice reconstituted with Ampka?’ Uf. 
LysM-Cre bone marrow cells (fig. S16B). Thus, 
Ampkai deficiency in myeloid cells facilitates 
RIPK1 activation by IR injury, which promotes 
liver proinflammatory immune activation and 
contributes to the development of hepatocel- 
lular damage. 

To further link the effects of AMPK on cell death 
and inflammation to RIPK1 phosphorylation 
at Ser*®, we crossed the Ampka’™".LysM- 
Cre mice into the RipkiS#““S"4 background. 
Ampkak™".LysM-Cre;Ripkis“S"4 mice 
did not show additional increase in IR injury- 
induced RIPK1 activation, cell death, or inflam- 
mation as compared with that of Ripkr““5#"4 
mice (fig. S16, C to E). Thus, the effects of AMPK 
on cell death and inflammation appear to be 
predominantly through AMPK-mediated RIPK1 
Ser“ phosphorylation in the liver IR injury 
model we used. 


Discussion 


Our results indicate that phosphorylation- 
regulated control of RIPK1 activity enables 
cellular metabolic control of cell death and 
inflammation in response to metabolic stress 
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(Fig. 41). In parallel with other substrates of , 
AMPK, AMPK directly inhibits RIPK1 by phos- 
phorylation, which in turn suppresses energy 
stress-induced cell death and inflammation 
(fig. SI6F). We revealed a delicate and tempo- 
ral cellular response of RIPK1 to metabolic 
stress: Cells activate AMPK to suppress RIPK1 
activation, allowing survival in the short term 
under energy stress, whereas over the longer 
term, as AMPK phosphorylation of RIPK1 is 
lost, the inhibition is relieved, promoting a 
switch to activated RIPK1-mediated cell death 
and inflammation. The work presented here 
expands our understanding of the interplay 
between metabolism and cell death regulation, 
which may help inform the development of 
therapeutic drugs aimed at preventing ische- 
mia-induced cell death and tissue damage. 
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Improving metrology with quantum scrambling 


Zeyang Li (2=3Z[)’, Simone Colombo’, Chi Shu", Gustavo Velez", Satil Pilatowsky-Cameo*, 
Roman Schmied®, Soonwon Choi‘, Mikhail Lukin?, Edwin Pedrozo-Pefiafiel’, Viadan Vuletic’* 


Quantum scrambling describes the spreading of information into many degrees of freedom in 
quantum systems, such that the information is no longer accessible locally but becomes distributed 
throughout the system. This idea can explain how quantum systems become classical and acquire a 
finite temperature, or how in black holes the information about the matter falling in is seemingly erased. 
We probe the exponential scrambling of a multiparticle system near a bistable point in phase space 
and utilize it for entanglement-enhanced metrology. A time-reversal protocol is used to observe 

a simultaneous exponential growth of both the metrological gain and the out-of-time-order correlator, 
thereby experimentally verifying the relation between quantum metrology and quantum information 
scrambling. Our results show that rapid scrambling dynamics capable of exponentially fast 
entanglement generation are useful for practical metrology, resulting in a 6.8(4)-decibel gain beyond 


the standard quantum limit. 


ven though all unitary dynamics of quan- 

tum systems are in principle reversible, 

it is extremely challenging in practice to 

reverse the arrow of time in generic in- 

teracting many-body systems. This is be- 
cause any small perturbations or imperfections 
in the time-reversed dynamics can lead to 
highly complicated, nonlocal changes in quan- 
tum wave functions, similar to the butterfly 
effect in chaos theory. Dubbed information 
scrambling (J-3), this quantum-mechanical 
effect gives rise to a variety of unusual pheno- 
mena and applications ranging from models 
of quantum gravity (4, 5) to quantum metrol- 
ogy (6). The speed of information scrambling 
can be quantified by out-of-time-ordered cor- 
relators (OTOCs) (7, 8), which constitute a 
measure of how fast the noncommutativity 
between two different quantum operations 
is established (9). In certain systems, the 
OTOC grows exponentially fast over time 
eat where a > O defines the generalized 
quantum Lyapunov exponent (8). OTOCs have 
been measured (JO) and used as probes for 
various many-body phenomena, such as ther- 
malization (JJ), quantum phase transitions 
(12), many-body entanglement growth (13), and 
quantum scrambling (14-16). However, the 
observation of exponential scrambling has 
remained elusive. 

One approach to effective time reversal in- 
volves changing the sign of the Hamiltonian 
Ho -H during the evolution of highly engi- 
neered quantum systems. In the field of quan- 
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tum metrology, this enables a family of powerful 
quantum amplification protocols (77-24) such 
as signal amplification through time-reversed 
interaction (SATIN) (23). Such protocols can 
be robust against many limitations that usual- 
ly affect entanglement-enhanced atomic sen- 
sors, including imperfect measurements. In the 
presence of exponential scrambling dynamics 
(Fig. 1A), the SATIN signal is also amplified 
exponentially over time. 


Experimental setup 

The Lipkin-Meshkov-Glick (LMG) Hamiltonian 
(24, 25-34) is of particular interest in this con- 
text, as it exhibits exponential evolution in 
phase space while it can be experimentally 
realized in a cavity quantum electrodynamics 
(CQED) system. The latter is accomplished by 


¢ 


adding a global rotation term S, to the | Chee 
axis-twisting (OAT) (35) Hamiltonian S? air 
H = 48? + OS, (1) 


Here S = (Se 558) represents the total 
spin of the system consisting of N = 2S spin-} 
particles, x is the shearing parameter for OAT, 
and Q is the transverse rotation frequency. 
Although the time evolution is not chaotic 
because of the conservation of S’, the LMG 
Hamiltonian nevertheless features a quantum 
Lyapunov exponent for 0 < Q/(Sx) < 2 due 
to an unstable (bifurcating) trajectory in the 
system phase space (Fig. 1A) (32, 36, 37). 

Our experiments operate with N = 200 'Yb 
atoms whose magnetic sublevels |t, |) in the 
electronic ground state represent a spin-} sys- 
tem. One of the two spin states (|) ) couples to 
an electronically excited state |e) via ot-polarized 
light that circulates inside the optical cavity , 
(Fig. 1B). The coupling between a single atom 
and the cavity is characterized by the single- 
atom cooperativity n = 8.8(2) (38). We imple- 
ment the LMG Hamiltonian in the rotating 
frame by adding an oscillating transverse mag- 
netic field to the OAT Hamiltonian (34) [Fig. 
1B and supplementary materials (SM) (39)]. 

The experiments start by initializing the 
system in a coherent spin state (CSS) pointing 
along the x axis by means of optical pumping 
followed by a x/2 spin rotation. Analytical ‘ 
solutions using the Holstein-Primakoff approx- 
imation (40) show that for Q/(Sy) < 0 or 
Q/(Sy) > 2, the system evolution is periodic 
with a frequency = \/Q? — 2SyQ (41). How- 
ever, for 0 < Q/(Sx) < 2 the frequency 
becomes imaginary, corresponding to an 
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Fig. 1. Time-reversal—based exponential growth of sensitivity in a system with an unstable fixed point. 
(A) Classically, for a trajectory with a positive Lyapunov exponent A; > 0, an initial signal (displacement) 8(0) 
increases exponentially over time. For quantum dynamics, however, an initial overlap between two states is 
preserved under unitary evolution. To amplify the signal similarly to the classical case, one needs to evolve the 
state under the nonlinear H, resulting in decreased quantum fluctuations along a direction with negative Lyapunov 
coefficient A» < 0. A displacement along this direction followed by application of the negative Hamiltonian —H 
(such that A;2— — A1,2) is then used to amplify the signal. The plots represent the evolution on the Bloch 
sphere, where the Sy and S; axes are labeled as in the left subplot of the middle row. (B) Experimental setup. The 
LMG Hamiltonian is generated by the interaction of the collective atomic spin with light inside a cavity on the 
transition |t)—|e), while a radiofrequency magnetic field is applied to rotate the atomic spin. 
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unstable-fixed-point exponential evolution with 
a Lyapunov exponent Ag = ||. For a fixed 
Sy, choosing Q = Sy results in a maximum 
Lyapunov exponent Ag = |Sy|. 


Metrological gain 


We first measure the antisqueezing {largest 
variance €, = max, [var(Sq)]/(S/2)} of the col- 
lective spin S after an evolution under H as 
a function of the ratio Q/(Sy). The anti- 
squeezing €, constitutes an upper bound on 
the quantum Fisher information (QFI) with 
respect to spin rotations (42). As shown in 
Fig. 2B, the experimental data for an agree 
with the numerical simulation of the model 
(solid red line) and show a peak at Q = Sy, 
as expected. 

We then measure in Fig. 2C how af grows 
with time for the two cases Q = 0 (OAT Hamil- 
tonian) and © = Sy (critically tuned LMG 
Hamiltonian). The OAT data (gray) exhibit 
quadratic growth of e , as expected. The 
LMG data (red) show exponential growth of 
2 = eel, with Ag = Sy for times ¢ < (Sy) * 
For larger times, the growths slows because 
of finite particle number and light-induced 
decoherence (34, 39). The finite total spin fur- 
ther causes the states to turn non-Gaussian, 
which we characterize via the Binder cumu- 
lant (43) (Fig. 2D). 

The time evolution under the critically tuned 
(Q = Sy) LMG Hamiltonian H quickly pre- 
pares an entangled collective quantum state. 
To implement quantum metrology with the 
SATIN protocol, we then apply a small rotation 
Use =e -i8.86 where $, = 3S ycosa + S, sina 
represents a Pollecass spin operator in the yz 
plane. This encodes a signal phase 50 along 
the ao direction, with o = 1/4 chosen to max- 
imize the metrological gain [Fig. 1A and SM 
(39)]. To implement —H, we switch to another 
set of laser frequencies incident on the cavity 
and flip the sign of the transverse field Q [SM 
(39)]. This generates an effective backward 
evolution in time that amplifies the applied 
signal 50. The shifted state then undergoes a 
bifurcated trajectory for 50 $ 0 (see Fig. 2C), 
resulting in an exponentially amplified devia- 
tion Gdo from the original position. We mea- 
sure the mean spin value (S..) = Ssin(G8o) to 
infer the signal amplification G. As shown in 
Fig. 3, the squared signal amplification G? 
(orange) increases exponentially with the same 
exponent 2AQ as the antisqueezing €? “. up to 
times ¢ = (Sx) 7 . The measured quantum noise 
N?, ie, the variance of spin projection noise 
along the amplification direction Sa normalized 
to the standard quantum limit (SQL) (blue), 
remains unity until ¢ ~ 0.8(Sy)~’. The subse- 
quent increase of the noise N? results from 
the residual light-atom entanglement (34) and 
can be improved in the future by optimizing 
the light detuning (39). The improvement of 


the metrological gain over the SQL is 6.8(4) dB. 
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(Sx) 1] 


Fig. 2. Collective-spin evolution in the cQED system. (A) Numerical calculation of the normali 


Binder Cumuant t 


(Sx) *] 


zed variance & 


of the antisqueezed direction as a function of Syt and Q/Sy with linecuts representing the measurements in 


(B) and (C). (B) Experimentally measured antisqueezing (blue symbols) and theoretical expectati 
1.8 as a function of the rotation strength Q. The shaded region indicates exponential growth, whereas 
other regions the time evolution is either quasi-periodic or growing polynomially. (©) Comparison of 


sy = 
in the 


ion (red line) for 


antisqueezing as between the fastest exponential growth for a critical rotation strength Q = Sy, and the 


polynomial growth of pure OAT (Q = 0). The two Bloch spheres represent the lines of classical 


evolution in 


both situations. The dashed and dash-dotted red lines represent exponential growth based on the theoretically 


predic 
line is 


ed Lyapunov exponent and the full numerical result, respectively, with no free parameters. The gray dashed 
calculated for Q = 0. (Inset) Logarithmic plot for Q = Sy showing the exponential growth of a 


(D) The Binder cumulant B (characterizing the deviation from a Gaussian distribution for B > 0) for the 
antisqueezed direction for the critical LMG condition Q = Sy versus time t. (Insets) Measured spin distributions 


for Syt = O (blue) and Syt = 2 (purple), with the latter being strongly non-Gaussian. 
> ee Git | Fig. 3. Metrological gain with 
8 we ‘ $ exponential LMG time-reversal 
> ig x protocol. The squared signal 
m' 6 a » amplification G2 (pink open circles) 
Ss a 4 and system noise N? (blue solid 
S4 a Max Gain. . squares) versus time t. The pink 
et re . dashed line represents the exponen- 
2 d. Py tial growth of the antisqueezing shown 
Pol ca in Fig. 2, and constitutes an upper 
0 reas a en ce x ir SQL) bound to the QFI. The blue dash-dotted 
a line is the calculated noise (with no 
0 0.5 1 free parameters) due to residual light- 
t{(Sy)7] atom entanglement. The maximum 


The deviation of G? from an exponential for 
t > (Sx) is due to the nonuniform coupling 
between atoms and the cavity light (44), as 
well as the residual light-atom entanglement, 
both of which can be improved in the future 
(34, 45). 


Quantum metrology and quantum information 


To investigate the quantum information sci- 
ence aspect of the time-reversal protocol, we 
measure the fidelity OTOC (FOTOC) with quan- 
tum state tomography using randomized mea- 


metrological gain is 6.8(4) dB. 


surements (39, 46, 47). The FOTOC F(t) can 
be expressed as the trace between the den- 
sity matrix p(0) of the original state and that 
of the state displaced by 5 evolved back- 


ward in time, p',(0) := U.6(0)U,+, where 
U; — gilt Sq b¢9-tft t 


ee ee : 
F(t) = (046(0)0,6(0)) = Tr(o',(0)p(0)) 
(2) 
At fixed forward evolution time ¢, the FOTOC 


F depends on the small displacement 54 and 
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Fig. 4. FOTOC and OTOC extracted from quantum state tomography. (A) Experimental Wigner functions 
obtained from quantum state tomography after applying the LMG SATIN protocol with different signal 
displacements 8 [for Q = Sx and t = 0.57(Sy) 71]. The dashed circle indicates the original CSS state. (B) The 
solid blue line is a quadratic fit to the data (open circles), used to extract the OTOC Z (see text and Eq. 3). 


Fig. 5. Comparison between quantum 


=== Exponential —— Noise model 


information and quantum metrology 
parameters for the LMG model. The 
purple open circles, solid green squares, 
and solid blue diamonds represent the 
antisqueezing, metrological gain, and 
OTOC, respectively. All quantities increase 
initially exponentially with time with a 
fitted Lyapunov exponent Ag = 1.01(3)Sy 
that agrees well with the theoretical 
prediction Ag = Sy. The OTOC error bars 
are obtained by using the bootstrapping 
method (39, 50). For longer times 


t 2 (Sy) +, the metrological gain and 


OTOC decrease owing to decoherence 
caused by light-atom entanglement, as is 
well captured by the theoretical model 
(solid blue line) without free parameters. 


is related to the OTOC Z(t) by its second de- 
rivative (12) 


_1PF(t) 
2 (086) |55~0 


= (Sa(t)6(0)Sa(t)6(0)) (3) 


with the Hermitian operator §,(t) := e 
Sa e itt, 

Choosing four different evolution times 
(such that Syz; € {0.38, 0.57, 0.77, 0.96}), we 
displace the entangled state for each t, by 
several different small angles 60. We then 
perform the tomographic reconstruction after 
a reversed time evolution with —H to obtain 
F(t), as shown in Fig. 4A. The OTOC Z(t) is 
then extracted from the data by fitting a quad- 
ratic function in the displacement 5 to the 


L(t) = 
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FOTOC (Fig. 4B). We notice that the fitted 
quadratic curve is slightly shifted from 5 = 0 
and has slightly reduced peak fidelity. The 
shift is likely due to a small difference between 
the assumed and actual Larmor frequencies 
between the spin states, whereas the reduc- 
tion from unit peak fidelity is due to the im- 
perfect time reversal associated with residual 
light-atom entanglement. The small imperfec- 
tions do not reduce the metrological gain ap- 
preciably (39). 

Figure 5 summarizes our findings regard- 
ing the close relation between quantum scram- 
bling and time-reversal quantum metrology: 
The antisqueezing in metrological gain G := 
G?/N?, and OTOC Z all agree with each other 
and scale exponentially with application time 
t of the LMG Hamiltonian for t < 0.8(Sx)~’. 


The exponential fit yields a Lyapunov exponent 
A@/(Sx) = 1.01+ 0.03, in excellent agreement 
with the theoretical expectation Ag/(Sx) = 1. 


Concluding remarks 


Our experiments demonstrate a cQED real- 
ization of the critically tuned (Q = Sy) LMG 
model with an exponential evolution in phase 
space. We also point out and experimentally 
verify that time-reversal protocols represent a 
powerful experimental tool giving access not 
only to metrological gain beyond the SQL 
(22, 23, 48), but also enabling the measure- 
ment of quantum information scrambling in 
many-body systems. This generalizes the pos- 
sibilities of using quantum information science 
to enhance quantum metrology (49). Further- 
more, we observe exponential growth of both 
the OTOC and the metrological gain for the 
LMG model, thereby experimentally verify- 
ing the intrinsic relation between these two 
concepts from different subfields of quantum 
science. The demonstrated methods to re- 
verse time evolution may enable the exper- 
imental investigation of complex many-body 
quantum systems in which the information 
spreads exponentially fast within many de- 
grees of freedom. 
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CHIRAL MATERIALS 


A magnetic assembly approach to 


chiral superstructures 


Zhiwei Lit, Qingsong Fan, Zuyang Ye, Chaolumen Wu, Zhongxiang Wang, Yadong Yin* 


Colloidal assembly into chiral superstructures is usually accomplished with templating or lithographic 
patterning methods that are only applicable to materials with specific compositions and morphologies 
over narrow size ranges. Here, chiral superstructures can be rapidly formed by magnetically assembling 
materials of any chemical compositions at all scales, from molecules to nano- and microstructures. We 
show that a quadrupole field chirality is generated by permanent magnets caused by consistent field 
rotation in space. Applying the chiral field to magnetic nanoparticles produces long-range chiral 
superstructures controlled by field strength at the samples and orientation of the magnets. Transferring 
the chirality to any achiral molecules is enabled by incorporating guest molecules such as metals, 
polymers, oxides, semiconductors, dyes, and fluorophores into the magnetic nanostructures. 


uperstructures of colloidal particles can 

assemble with chiral symmetry (J-5). 

The driving force for chiral assembly is 

that the particles or structures are intrin- 

sically chiral or rendered so with ad- 
sorbed surface molecules and templates that 
create chirality (usually helical structures) or 
by lithographic methods (6-8). Chiral super- 
structures, especially those made from plas- 
monic nanoparticles, have distinctive optical 
properties such as circular dichroism (CD) 
under circularly polarized light excitation 
(9-14) and have the potential for developing 
electric and optical sensors and devices (75-20). 
Templated assembly and lithography have 
been used to create chiral superstructures 
for sensing external stimuli through changes 
in CD spectra (21, 22). For example, DNA- 
templated assembly can transfer the helical 
configuration of DNA templates to many nano- 
structures (23-26) and be used to monitor 
changes in temperature and chemical bind- 
ing (27-31). 

Controlling the collective orientation of 
these chiral structures in either solution or 
solid matrices remains challenging for optimiz- 
ing chiroptical performance. Additionally, the 
existing strategies such as templated assem- 
blies and chiral superlattice formation only 
work for materials of narrow length scales and 
specific chemical compositions or shapes 
(32-34). Designing miniature chiroptical de- 
vices and understanding light-matter interac- 
tions that involve distinct physical principles 
would benefit from a general approach for 
assembling achiral materials of diverse sizes, 
shapes, and chemical compositions into chiral 
superstructures with actively tunable chiroptical 
responses (35-37). 
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Here, we report the rapid and reversible 
assembly of materials of varying compositions 
and length scales, from small molecules to 
nano- and microstructures, into chiral struc- 
tures, and the active tuning of the structural 
handedness, collective orientation, and chirop- 
tical properties by using the magnetic field of 
a permanent magnet. Our analytical model 
demonstrates the presence of a quadrupole 
field chirality in the gradient magnetic field 
of the magnet. Assembling nanorods in such 
a magnetic field led to the formation of chiral 
superstructures, with their handedness and 
chiroptical properties being determined by 
magnet position and orientation. The struc- 
tural chirality could be transferred to organic 
molecules and inorganic compounds by dop- 
ing into or coating onto the host magnetic 
building blocks, demonstrating a general 
approach to chiral superstructures. 


The quadrupole field chirality of 
permanent magnets 


We consider the magnetic field and field dis- 
tribution of a cube-shaped permanent mag- 
net (fig. S1), with the north pole of the magnet 
pointing upward in fig. SIA. The calculated 
azimuth of the local magnetic field (mapped in 
Fig. 1A) undergoes gradual changes in the field 
direction in each quadrant. A differential 
magnetic field was calculated by subtracting 
magnetic field vectors in two chosen yz cross 
sections (fig. S2). In Fig. 1B, the resulting local- 
field rotation is indicated by the black arrows, 
and the magnitude is color mapped, with the 
rotation angle (Aw) being defined as the dif- 
ferences between the azimuth of the magnetic 
fields in the two cross sections. The differential 
field forms a quadrupole, with two left-handed 
(positive Aw in red domains) and right-handed 
(negative Aw in blue domains) magnetic field 
domains. Figure S3 further delineates the 
rotation of local fields along a chosen path- 
way, demonstrating the helical magnetic field 
distribution. 


x. 
We developed an analytical model to un ches 
stand the assembly of magnetic nanorod..— 
such a chiral field (supplementary materials) 
that could predict magnetic nanorod align- 
ment along the local field to form chiral 
superstructures (Fig. 1C and fig. S4). For small 
magnetic nanorods (107.6 + 5.2 nm in length 
and 13.0 + 1.7 nm in diameter), there were no 
obvious CD signals in rod dispersion without a 
magnetic field or in a magnetic field along 
the x axis (Bx), but changing the field direc- 
tion from the 2 axis to the y and 2 axes cre- 
ated CD responses (Fig. 1, D and E). We 
observed positive and negative CD peaks of 
similar intensity for y (By) and g fields (Bz), 
respectively, which suggested chiral super- 
structures with opposite handedness. The CD 
responses were then measured in an aqueous 
solution of glycerol (nm = 1.475) with an in- 
creasing volume ratio from 0 to 100%. The 
increase in effective refractive index (nm) of . 
the solution induced consistent CD-intensity 
decrease under the same magnetic fields 
(fig. S5). The nanorods’ CD signal weakened 
but did not disappear as the solution refractive 
index approached that of the silicon dioxide 
(SiO,) layers (n = 1.475 + 0.005) (38). This 
refractive index-matching experiment demon- 
strates that both the scattering and absorption 
of the nanorods contribute to the overall CD 
responses. We calculated an optical anisotropic 
factor (g factor) of ~0.01 at 400 nm (fig. S6).To * 
verify the formation of chiral superstructures, 
cyanine 3-doped Fe3;04@SiO, core-shell nano- 
rods (322.2 + 16.5 nm in length, 70.2 + 4.7nm in 
diameter, and 50.3 + 1.5 nm in silica thickness) 
were used as magnetic building blocks (39, 40) 
and fixed in a polymer by photocuring under a 
uniform magnetic field. Linear chains were 
formed because of magnetic dipole-dipole 
interactions and were parallel to the uniform 
field with a standard deviation of 0.36° to + 
minimize the demagnetizing fields (figs. S7 ‘ 
and S8) (41). If a gradient field of a perma- 
nent magnet (cube shape, 12 mm in edge 
length) was used (fig. S9), the chain alignment 
within one yz plane and the chain rotation 
between different yz planes were determined 
by the local magnetic fields and field rotation, 
respectively (figs. S10 and S11). Thus, the chiral 
superstructures made of large nanorods show 
similar CD responses to magnetic fields (fig. 
$12). Additionally, we characterized the chain 
alignment in 10 sequential yz layers from x = 1 to 
10 mm and in five layers along the y axis using 
optical and electron microscopy, confirming the 
chain rotation into chiral superstructures as 
driven by the quadrupole chiral field (figs. $13 
to S17). 


Magnetic assembly and active tuning of 
plasmonic chiral superstructures 


To systematically study the CD dependence 
on magnetic fields over a wide spectral range, 
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Fig. 1. The quadrupole field chirality of a 
permanent magnet. (A) Normalized magnetic 
field (white arrows) and field-vector azimuth 
(color maps) of a permanent magnet (high- 
ighted in the middle square) with a cubic 
shape and edge length of 2 cm. (B) The field 
otating vectors (black arrows) and field angle 
changes (color map) of the magnetic field 
along the x axis. Positive rotation angles (Aw) 
epresent clockwise left-handed rotation of the 
magnetic field, and negative rotation angles 
epresent counterclockwise right-handed field 


-_ Cc ‘ Ds 
otation. deg, degree. (C) Schematic illustra- 2.3 
tion of the magnetic assembly during CD ei 2 B 2 
measurement and simulated helical super- ns = | 
structures assembled from magnetic nanorods x mar weg ee GEG ond 
under such a chiral magnetic field. (D) Extinction 0° mama 180° Wavelength (nm) 
spectrum and (E) CD spectra of Fe30,@Si0- hes S 
nanorods under different magnetic fields. y k, | E D 900 
Arbitrary units, a.u.; mdeg, millidegree. — lly ne) 
aor li 2 ee eee 
— A NA { Es 8 gol 8 =F: 


we introduced Fe;0,/Au hybrid nanorods as 
building blocks by taking advantage of the 
localized surface plasmon resonance (LSPR) 
of Au nanorods and the magnetic responses 
of Fe,0, nanorods. The Au nanorods were 
synthesized with a space-confined growth 
method and had a length of 156.6 + 15.2 nm 
and a diameter of 48.9 + 4.7 nm (42, 43). As 
shown in fig. S18A, Fe;0,@SiO. nanorods 
were introduced (107.6 + 5.2 nm in length, 
13.0 + 1.7 nm in diameter, and 5.0 + 0.5 nm in 
silica thickness) as initial templates, followed 
by Au seed attachment (~2.0 nm in diameter). 
During polymer coating, the SiO, shells were 
etched away, and defined gaps were formed 
between the Fe3;0,4 nanorods and polymer 
shells. Seeded growth was performed inside 
the gaps to prepare the hybrid nanorods, which 
comprise one Au nanorod and one Fe304 
nanorod in a parallel configuration, as shown 
in the transmission electron microscopy (TEM) 
images (Fig. 2A) and elemental mapping (fig. 
S19). Because of the confinement of the poly- 
mer shells, radial growth was limited, and 
preferable longitudinal growth produced the 
Au nanorods. This growth mode allows easy 
tuning of the nanorod length (fig. S18, B to E) 
and shifts the LSPR of the Au nanorods from 
560 to 880 nm (fig. SI8F). The parallel align- 
ment of the hybrid nanorods allowed the Au 
nanorods to assemble into chiral superstruc- 
tures under a chiral magnetic field and pro- 
duce CD responses (fig. S20, A and B). Switching 
the magnet dipole did not alter the CD profile, 
but changing the magnet position to the 
opposite side of the sample produced a CD 
spectrum with an opposite sign (fig. S20C). 
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Applying two identical magnets in their at- 
traction configuration generated a parallel 
magnetic field with a reduced field gradient 
between the two magnets and reduced the CD 
signals (fig. S20, D and E). The disappearance 
of CD signals confirmed that linear super- 
structures assembled in a uniform magnetic 
field could not produce CD signals in our ex- 
perimental conditions. We also fixed the hybrid 
nanorods under the absence and presence of 
uniform and chiral magnetic fields using a 
photocuring polymerization method, which 
produced random, linear, and chiral struc- 
tures, respectively. Although films containing 
random and linear structures were not op- 
tically active, the film with chiral superstructures 
had CD signals. None of the three structures 
showed evident responses to a magnet once 
fixed in polymer films (fig. S21). These exper- 
iments suggested that the observed CD re- 
sponses in a single permanent magnet were 
not induced by extrinsic chirality, a CD pro- 
perty of achiral superstructures (44), or by mag- 
netic circular dichroism (45). 

We measured the CD spectra of Au nano- 
rods while changing the position of the mag- 
net vertically (Fig. 2B and fig. S22, A and B). 
The CD signal declined gradually after the 
magnet was moved from -1.25 to 0 cm along 
the z axis (vertical direction) (fig. S22, C and 
D), and the spectra changed the sign across 
0 cm (Fig. 2C) in response to the field chirality 
changes shown in fig. S22, E and F. The 
dependence of CD signals on magnet posi- 
tion was similar when the magnet dipole was 
along the z axis (fig. S23). Changing the samples’ 
position relative to the magnet was equivalent 
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but induced a decrease in CD intensity when 
the sample-magnet separation increased up to 
3.0 cm along the @ axis (fig. S24). The CD 
spectra of Au nanorods were then measured 
by decreasing field strength from 31.2 to 25.1, 
18.3, 12.9, and 5.5 mT, which corresponded to 
the magnet being 2.3, 2.5, 3, 4, and 5 cm away 
from the nanorod dispersion. We observed a 
consistent decrease in CD intensity for Au 
nanorods with different LSPR positions and 
for left- and right-handed chiral superstructures 
(Fig. 2, D and E, and fig. S25), which cor- 
responded to the decrease in field rotation 
when the magnet departed the sample (Fig. 2F). 
Detailed field analysis (Fig. 2, G to J) indicated 
that the Aw decreased consistently in the four 
chiral domains for increasing magnet-sample 
separation. The sample in the first quadrant 
was in a left-handed field in the By field (Fig. 2, 
Gand H), which caused the negative signals in 
CD spectra. In the Bg field, the chiral field in the 
first quadrant produced positive CD signals 
(Fig. 2, I and J). The peak intensities of ex- 
tinction and CD of the hybrid nanorods were 
linearly proportional to Au concentration at 
fixed magnet and sample positions (fig. S26), 
which was consistent with Beer’s law and 
molar ellipticity in CD. To verify the chirop- 
tical properties, we modeled the chiral super- 
structures and calculated their CD spectra using 
a finite element method. The simulated spectra 
in fig. S27 demonstrated CD responses of Au 
nanorods with large separations. Considering 
the lack of nanorod positional order in exper- 
iments, complex models were further developed 
to resolve the structures in figs. S15 and S17. 
These models contain nanorods with random 
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Fig. 2. Magnetic assembly of Fe30,/Au hybrid nanorods into chiral super- 
structures. (A) TEM image of the Fe30,/Au hybrid nanorods wrapped within polymer 
shells. (Inset) Schematic structure of the Fe304/Au hybrid nanorods. (B) Schematic 
illustration of the magnet position during the CD measurement. (€) CD spectra of 
the hybrid nanorods measured by changing the magnet position. (D) CD spectra of the 
hybrid nanorods under magnetic fields with consistent direction and decreasing 
strength. (E) Dependence of CD intensity on the field strength and the rod aspect 
ratios. The magnetic fields are defined as By and Bz when the magnet dipole is paralle! 


positions but constant rotation in different 
planes (fig. S28), resembling the nanorod align- 
ment in different cross sections in the SEM im- 
ages. The simulated CD spectra show rotation 
angle-dependent CD responses, which explains 
the decrease of CD intensity with the rotation 
angles of magnetic fields. We also observed 
similar dependence in nanorods of increas- 
ing aspect ratios, and the continuous redshift 
of CD peaks in fig. S29 is qualitatively consistent 
with the measured CD spectra in fig. $25. 
Changing the directions of the magnetic 
field produced more complex CD responses. 
We considered the rotation of the magnet 
within the zy and yz planes to explain the 
involved mechanisms (Fig. 3A). The alignment 
of the magnetic dipole of the magnet relative 
to the axes was defined by the azimuth angle 
0. The CD spectra showed intensity changes 
when 0 increased to 180° in the xy plane (Fig. 
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3B), which increased to a saturated value and 
decreased again (fig. S30). Given that the 
magnet was rotated in the ay plane (fig. S31), 
the local magnetic fields and the field distri- 
bution were analyzed for different 8 values. 
The schemes in fig. S31 illustrate the magnet’s 
constant position and varying orientation. 
Because the incident light was along the 
«x axis, the magnetic fields within the mea- 
sured domains in the yz and xz planes were 
further plotted in Fig. 3, C and D, respectively. 
We observed only slight changes in field di- 
rection and field distribution within the yz 
plane for different magnet orientations (Fig. 
3C). In the xy planes, however, the field dis- 
tribution exhibited dramatic changes when @ 
increased to 90°, which led to excitation of 
longitudinal mode with gradually increased 
strength (Fig. 3D). For incident light along 
the z axis, the plasmonic excitation of Au nano- 


to y and z axis, respectively. (F) Simulated field distributions of the cubic 

magnet at given distances to the magnet surface. (G and I) Rotation angles 

of magnetic fields between two yz cross sections, (-0.2, y, z) and (-0.8, y, z). The 
orientation of the magnet is shown in the inset in each plot. (H and J) The 
corresponding field rotation angles (color map) and the local magnetic field at 

the cross section (-0.2, y, z). The magnet has a horizontal magnetic dipole in (G) and 
(H) and a vertical magnetic dipole in (I) and (J). The field rotation is calculated 
by Aw(y, Z) = w(-0.8, y, Z) - w(-0.2, y, Z). 


rods was determined by and could be predicted 
from the nanorod alignment, light incidence, 
and light polarization (46). Because of the 
changes in magnetic field direction and dis- 
tribution shown in fig. S32, there was an 
associated change in the LSPR excitation of the 
Au nanorods when 0 increased to 90° At 09 the 
field was nearly parallel to the 2 axis, and 
the resulting parallel alignment of nanorods 
to the incident light suppressed the longitu- 
dinal mode. At 90°, the magnetic field being 
nearly parallel to the zg axis led to the exci- 
tation of the longitudinal mode. We could 
predict the longitudinal extinction of the 
Au nanorods through the equation sin?(¢p), 
where ¢p is the angle between the local-field 
direction and the light incident direction. 
Figure 3E shows a symmetric trend with maxi- 
mum extinction between 60 and 120°. Compar- 
ison of the predicted longitudinal extinction 
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Fig. 3. Tunable CD spectra of the assembled superstructures. (A) Schematic 
illustration of the azimuth changes of a cubic permanent magnet within the xy 
and yz plane during CD measurements. (B) CD spectra of the hybrid nanorods 
measured by changing the magnet azimuth in the xy plane. (C and D) The 


with the CD intensity measured at different 0 
(Fig. 3F) suggested that CD intensity would 
depend on the magnet 0 and that the CD 
responses of the assembled superstructures 
would be determined by the longitudinal ex- 
tinction changes when the magnet azimuth 
increased within the zy plane. 

Changing the magnet azimuth in the yz 
plane altered the field chirality and led to a 
different CD response. The measured CD spec- 
tra are shown in fig. S33. The CD peaks at 545 
and 698 nm simultaneously switch their signs 
at about 20° and 110° during the measurement 
(Fig. 4A, color map), which suggested changes 
in handedness of the assembled superstruc- 
tures. To verify this hypothesis, we used the 
analytical model to directly map the local-field 
rotation direction, chirality, and handedness 
(fig. S2). At 8 = 0°, the sample was 2 cm away 
from the magnet center with an upward off- 
set of 0.5 cm, which led to an azimuth of 
~14° relative to the magnet center (fig. S34). 
Understanding the CD spectrum at 0 = 0° re- 
quired access to field properties at this spe- 
cific sample location in the yz plane. 

The CD changes in response to magnet ro- 
tation were studied by analyzing the local- 
field properties in different 0. In Fig. 4B, the 
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plots of field distribution and field chirality 
within the yz plane showed a similar quadru- 
pole field chirality. The normalized field vectors 
at x = -0.2 and -0.8 cm were superimposed 
in Fig. 4B to illustrate local-field rotation. The 
field rotation angles along a trajectory high- 
lighted in fig. S34C are shown in Fig. 4C, 
which correspond to the field changes during 
experimental measurement. The Aw was ini- 
tially positive but changed its sign at @ = 15° 
and 105° which is consistent with the experi- 
mental chirality-transition angles plotted in 
Fig. 4D. The Pearson correlation coefficients 
between the field rotation angles and CD 
intensity at 698 and 545 nm are -0.989 and 
0.987, respectively (fig. S35). The strong negative 
and positive correlation indicates that the field 
chirality changes could explain the dependence 
of the superstructure handedness and CD spec- 
tra on magnet rotation in the yz plane. 


Optical rotatory dispersion 

We also studied the optical rotatory disper- 
sion (ORD), which measures the polarization 
rotation of a linearly polarized light. Left- and 
right-handed circularly polarized light interacts 
differently with chiral structures and travels 
at different speeds inside of them. Because 
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magnetic field of the cubic magnet in (C) yz and (D) xz planes. The azimuth 
of the magnet is 0° to 30° 60° and 90° from left to right. (E) Predicted 
longitudinal extinction of the nanorods based on the analytical solution. 

(F) Dependence of the CD intensity on magnetic field 0. 


linearly polarized light comprises two circu- 
larly polarized light beams with the same 
magnitude but opposite handedness, these 
two highly correlated beams will develop a 
phase difference, leading to the polarization 
rotation of the incident beam (Fig. 4E). The 
ORD effect was tested by applying an analyzer 
to the incident beam and observing the color 
changes. Only light of a specific wavelength 
can pass through the analyzer at a polarization 
angle (a) when the material is optically active. 
Experimentally, o is defined as the angle 
between the analyzer polarization direction 
and the horizontal baseline, and the polariza- 
tion of the polarizer is fixed along the vertical 
direction. 

Digital images of a nanorod dispersion are 
shown in Fig. 4F, before (left) and after (right) 
application of a z-directional magnetic field at 
a = 3° The original dispersion appeared dark 
without noticeable colors because only mini- 
mal light could transmit through the analyzer. 
Under a g-directional magnetic field, the top 
domain turned yellow, and the bottom turned 
red, demonstrating the formation of chiral 
superstructures with opposite handedness 
in these two domains, which is consistent 
with the predicted field chirality in the first 
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Fig. 4. Tunable CD spectra and optical rotatory dispersion of the assembled 
superstructures. (A) CD spectra of the hybrid nanorods measured by changing the 
magnet azimuth in the yz plane. (B) The magnetic field rotation (color map) and 
the normalized field vectors (arrows) of the cubic magnet. The magnetic field 
rotation is calculated by Aw(y, Z) = w(-0.8, y, Z) - w(-0.2, y, z). The normalized 
magnetic field vectors in (-0.8, y, z) are indicated with black arrows, and the field 
vectors in (—0.2, y, Z) are indicated with orange arrows. (€) Dependence of field 


and fourth quadrants of the magnet. This 
ORD effect was determined by superstruc- 
ture handedness and the angle o. Under a 
g-directional magnetic field, we observed sim- 
ilar two-color domains when a increased from 
-30 to 30° (Fig. 4G), with red-orange-yellow- 
green changes in the top domain and oppo- 
site color changes in the bottom domain. 
Changing the magnetic field to the y axis led 
to color switching between the two domains, 
corresponding to a field chirality transition. 
Nanorod dispersion under the absence and 
presence of the x-directional magnetic field 
only exhibited contrast changes at different a 
because of the negligible CD responses at these 
two conditions. 


Generalizing the all-scale chiral assembly 


The chirality formed by nanoscale magnetic 
assembly could be transferred to organic 
molecules, polymers, oxides, and semiconduc- 
tors. These guest materials were introduced to 
the magnetic nanorods through surface-coating 
and doping methods, which have the advan- 
tages of wide material accessibility and easy 
further processing. Starting with Fe;0,@SiO, 
nanorods with a length of 107.6 + 5.2 nm, a 
diameter of 13.0 + 1.7 nm, and silica thickness 
of 5.0 + 0.5 nm, we coated their surface with 
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CuO nanoparticles and resorcinol-formaldehyde 
(RF), with the latter being converted into MnO, 
by reacting with KMnO, (47-49). The resulting 
Fe,;0,@Si0.@Mn0O, nanorods (Fig. 5A) under- 
went oxidation-induced volume expansion and 
created nanogaps between porous MnO, nano- 
shells and Fe;0,@SiO, cores. The extinction 
spectra of these samples in Fig. 5B showed 
broad extinction of Fe,0,@SiO,g and Fe;04@ 
SiO.@Cu,O nanorods, and extinction peaks of 
Fe,0,@Si0O.@RF and Fe,0,@Si0.@MnO, 
nanorods. These four samples showed evident 
CD activities under magnetic fields that can 
also be tuned by changing the field directions 
(Fig. 5C). The CD peak positions being near 
their extinction peak positions indicates that 
the chirality in the superstructures transferred 
from the host nanorods to the guest mole- 
cules. In addition, changing the field direction 
from the y axis to the z axis changed the chiral 
superstructures from left-handed to right-handed 
symmetry. 

Transfer of chirality to small molecules was 
demonstrated by doping organic dyes into RF 
polymeric shells through electrostatic inter- 
actions. Figure S36A shows a typical TEM 
image of the Fe,0,@SiO.@RF nanorods with 
100-nm RF shells that carry negative charges 
after a condensation reaction. We chose three 


rotation on the magnet field azimuth. (D) Dependence of the CD peak intensity 

on the magnet field azimuth. (E) Schematic illustration of the ORD measurement. 
The o is introduced as the angle between the polarization direction of the analyzer 
and the horizontal direction. (F) Digital images of a hybrid nanorod dispersion in 

a cuvette without (w/o mag) and with (w/ mag) a magnetic field. The o is 3° 

(G) Digital pictures of the hybrid nanorod dispersion under different magnetic field 
conditions. The analyzer's o was switched from —30 to 30° during the measurement. 


dyes—methylene blue, methylene green, and 
neutral red—and their molecular structures 
are given in fig. S36B. These dyes develop 
positive charges after dissociation of chloride 
anions in water and can be doped into porous 
RF shells by mixing with the nanorods at room 
temperature. The dyed solutions appeared 
blue, green, and red after removing the excess 
molecules, with extinction spectra exhibiting 
distinct peaks after successful doping (Fig. 5D). 

Using the green dye-doped nanorods as 
an example, we confirmed their CD responses 
under different field directions (fig. S36C), 
with negligible CD signals under no and 
x-directional magnets and opposite CD peaks 
in y- and zg-directional magnetic fields. The 
CD spectra of nanorods doped with all three 
dyes (Fig. 5E) showed peaks at their charac- 
teristic wavelengths. The observation is con- 
sistent with that of plasmonic nanorods and 
demonstrated the formation of chiral super- 
structures and the successful transfer of chi- 
rality from the nanoscale to molecular levels. 
The g factor calculated in Fig. 5F has a max- 
imum of ~0.003 for methylene blue-doped 
nanorods, a value comparable to that of classic 
chiral molecules and magnetically assembled 
chiral superstructures of inorganic molecules, 
polymers, and semiconductors (figs. S37 and 
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Fig. 5. All-scale magnetic assembly of achiral molecules into chiral 
superstructures. (A) TEM image of the Fe30,@Si02@MnO> core-shell 
nanorods. (B) Extinction spectra of core-shell Fe30,@SiO2 and Fe30,@SiO2@RF 
nanorods, Fe304@MnO> yolk-shell nanorods, and Fe304@Si02@Cuz0 
core-satellite nanorods. (C) The corresponding CD spectra measured under 

y- and z-directional magnetic fields. (D) Extinction spectra of the 


S38). We further demonstrated that the mag- 
netic assembly strategy could be extended 
to the assembly of fluorophores for generat- 
ing circularly polarized luminescence. When 
europium-doped NaYF, nanorods were decor- 
ated with Fe,0, nanoparticles, the fluorescent 
nanorods could be assembled into chiral 
superstructures and exhibited circularly polar- 
ized luminescence (fig. $39). 


Discussion 


The consistent rotation of the local-field vec- 
tors of the cubic permanent magnet forms 
the quadrupole field chirality with alternat- 
ing left-handed and right-handed magnetic 
fields in the four quadrants. Such chiral mag- 
netic fields induce the assembly of magnetic 
nanorods into chiral superstructures, with 
handedness and chirality determined by the 
local features of the magnetic fields. This 
strategy allows remote, reversible, and instan- 
taneous assembly of chiral superstructures 
from nanostructures of various chemical com- 
pounds (plasmonic materials, polymers, oxides, 
metals, semiconductors, fluorescent nanostruc- 
tures, and molecular moieties) and active 
tuning of their CD responses in a broad range 
of spectra and circularly polarized lumines- 
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cence, as long as they can be properly bound to 
the magnetic nanorods. Fixing the chirality of 
these chemical compounds at all scales is 
possible by embedding the formed super- 
structures in polymer substrates, which could 
be realized by applying an external magnetic 
field during polymerization. This simple 
strategy makes the chiral superstructures 
nonvolatile without external magnetic fields 
and highly accessible for portable chiroptical 
devices. 
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GAMMA-RAY BURSTS 


A tera-electron volt afterglow from a narrow jet in 
an extremely bright gamma-ray burst 


LHAASO Collaboration* + 


Some gamma-ray bursts (GRBs) have a tera-electron volt (TeV) afterglow, but the early onset of this has 
not been observed. We report observations with the Large High Altitude Air Shower Observatory 
(LHAASO) of the bright GRB 221009A, which serendipitously occurred within the instrument’s field of 
view. More than 64,000 photons >0.2 TeV were detected within the first 3000 seconds. The TeV flux 
began several minutes after the GRB trigger and then rose to a peak ~10 seconds later. This was 
followed by a decay phase, which became more rapid ~650 seconds after the peak. We interpret the 
emission using a model of a relativistic jet with half-opening angle of ~0.8°. This is consistent with the 
core of a structured jet and could explain the high isotropic energy of this GRB. 


amma-ray bursts (GRBs) are explosions 

observed in distant galaxies, character- 

ized by a rapid flash of gamma rays last- 

ing from a fraction of a second up to 

several hundreds of seconds. The pro- 
genitors of long-duration (>2 s) GRBs are thought 
to be collapsing massive stars, whereas short- 
duration (<2 s) GRBs are produced by the merger 
of two compact objects (7). The emission of a 
GRB consists of two stages—the prompt emis- 
sion and the afterglow, which can partially 
overlap in time. Prompt emission has irregular 
variability on timescales as rapid as millisec- 
onds, which is thought to result from internal 
shocks or other dissipation mechanisms that 
occur within the source. The afterglow emis- 
sion is smoother and lasts much longer, with 
the flux decay usually following a power-law in 
time. The long-lasting afterglow is thought to 
result from external shocks caused by the in- 
teraction between relativistic jets (produced 
by the GRB) with the ambient medium at large 
distances from the source. The afterglow emis- 
sion spans a wide range of the electromag- 
netic spectrum. The radio to sub-GeV emission 
is generally interpreted as synchrotron radia- 
tion, generated by acceleration of relativistic 
electrons by the external shock (/). The same 
electrons can up-scatter the synchrotron pho- 
tons through the inverse Compton (IC) mech- 
anism, producing a synchrotron self-Compton 
(SSC) emission component that extends to 
very high energy [(VHE) >100 GeV] gamma 
rays (2-5). 

VHE emission has been detected from a few 
GRBs during the afterglow decay phase (6-9). 
However, those observations used pointed 
instruments that had slew to the GRB position 
(after it was detected by other instruments), so 
they did not capture the prompt emissions 


*Corresponding authors: X. Y. Wang (xywang@nju.edu.cn); 
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J. H. Zheng (mg21260020@smail.nju.edu.cn) 
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and rising afterglow phases. Extensive air 
shower detectors have a larger instantane- 
ous field of view, have an observing duty cycle 
close to 100%, and do not need to be pointed, 
so they could potentially observe the prompt 
GRB and afterglow onset phases. However, at- 
tempts to observe GRBs with extensive air 
shower detectors have not resulted in detec- 
tions (10-12). 


Observations of GRB 221009A 


On 9 October 2022, at 13:16:59.99 universal 
time (UT) (hereafter Ty), the Gamma-ray Burst 
Monitor (GBM) on the Fermi spacecraft de- 
tected and located the burst GRB 221009A 
(13). The Large Area Telescope (LAT) on Fermi 
also detected high-energy emission from the 
burst (74). The Burst Alert Telescope (BAT) on 
the Neil Gehrels Swift Observatory (Swift) space- 
craft detected this burst when it came into 
view 53 min later, and Swift’s X-Ray Telescope 


9 


(XRT) observations began 143 s after the oot 
trigger (15). ? 
The exceptionally large fluence of this event 
saturated almost all gamma-ray detectors dur- 
ing the main burst. The event fluence of GRB 
221009A was measured by the Konus-Wind 
spacecraft from Ty + 175 s to Ty + 1458 s as 
>5 x 10-*erg cm? in the energy range of 10 to 
1000 keV (16), higher than any previously ob- 
served GRB. Later optical observations mea- 
sured the redshift (z) of the afterglow, finding 
= 0.151 (17, 18). Assuming standard cosmol- 
ogy, the burst isotropic-equivalent energy re- 
lease Ey iso iS at least 3 x 10°* erg, among the 

highest measured. 

We observed GRB 221009A with the Large 
High Altitude Air Shower Observatory (LHAASO). 
LHAASO is a VHE gamma ray extensive air 
shower detector (19), consisting of three inter- 
connected detectors. At the time of the GBM 
trigger, the location of GRB 221009A was within . 
the field of view of LHAASO at a zenith angle of 
28.1° (fig. S2). We analyzed the observations of 
GRB 221009A with LHAASO’s Water Cherenkov 
Detector Array (WCDA) (fig. S1) (19), which 
detected the burst at coordinates of right as- 
cension (RA) 288.295 + 0.005 (stat) + 0.05 (sys) 
degrees and declination 19.772 + 0.005 (stat) + ‘ 
0.05 (sys) degrees, with a statistical signifi- 
cance >250 standard deviations (fig. S3). With- 
in the first ~3000 s after the trigger, WCDA 
detected >64,000 photons with energies be- ‘ 
tween ~200 GeV and ~7 TeV associated with the 
GRB. It was observed by LHAASO for ~6000 s 
before moving out of the field of view. At these 
energies, another detector reported no emis- 
sion ~8 hours after Tp (20). 

Figure 1 displays the WCDA light curve (count 
rate as a function of time) of GRB 221009A. 
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Fig. 1. Count rate light curve of GRB 221009A observed by LHAASO-WCDA. The energy range of 
photons observed is ~0.2 to 7 TeV. The inset panel shows a zoomed-in view of the light curve during 220 
to 320 s (yellow shaded zone) after the GBM trigger (To), with the arrow indicating the reference time 

T* = To + 226 s for our light curve analysis (see text). Blue histograms are the data, and black histograms are 


the estimated background. 
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The VHE emission exhibits a smooth tempo- 
ral profile, with a rapid rise to a peak followed 
by a more gradual decay that persists for at 
least 3000 s after the peak. By contrast, the 
MeV gamma-ray light curves, measured by GBM 
(73) and other gamma-ray detectors (16, 27), 
are highly variable. The GBM emission includes 
an initial precursor pulse lasting ~10 s, which 
sets Ty, followed by an extended, much brighter, 
and multipulsed emission episode (fig. S10). 
The contrast between the TeV and MeV light 
curves suggests that the TeV emission has a dif- 
ferent origin than the prompt MeV emission. 


Analysis of the gamma-ray data 


Gamma rays emitted from distant astronom- 
ical sources are attenuated by photon interac- 
tions with the extragalactic background light 
(EBL). The gamma-ray spectrum that would 
be observed if the EBL were absent, referred to 
as the intrinsic spectrum, can be inferred from 
the observed events by correcting for EBL at- 
tenuation. We perform this correction by as- 
suming an EBL model (22). Figure 2 presents 
both the observed and the EBL-corrected in- 
trinsic flux spectra in the energy range from 
~200 GeV to ~7 TeV, for five time intervals dur- 
ing which the GRB was detected by LHAASO- 
WCDA. The time intervals were chosen to cover 
the rising phase, the peak, and three periods in 
the decay phase. We fitted the intrinsic spectra 
with a power-law model (23), which is con- 
sistent with the data up to at least 5 TeV with 
no evidence for a spectral break or cut-off. The 
best-fitting values of the spectral indices y of 
the power-law function are given in table S2. 
These show a mild spectral hardening in time, 
with y increasing by ~0.2 between the first and 
last time intervals. The uncertainty in the EBL 
model (22) is equivalent to a similar change in 
the spectral index (table S2). During the initial 
main burst phase (To + [220, 230] s), no TeV 
emission is detected (significance <2.30), with 
the 95% upper limits on the flux shown in 
Fig. 2. 

Figure 3 shows the light curve of GRB 221009A, 
converted to energy flux and integrated in the 
energy range of 0.3 to 5 TeV. The peak ob- 
served flux is ~1.2 x 10-° erg cm~? s~}, which 
corresponds to an apparent isotropic-equivalent 
luminosity of Liso tey ~ 7.3 x 10°° erg s~! in 
the range of 0.3 to 5 TeV, which is higher than 
other known sources at these energies. Be- 
cause the Fermi GBM triggered on the pre- 
cursor emission of this GRB, which was very 
weak compared with the main burst that started 
after a quiescent period of about 200 s (fig. 
S10), we set the reference time (hereafter 7*) 
of the afterglow light curves at the onset of 
the main component (24). Numerical studies 
have shown that this is a better approximation 
than using 7) when investigating the after- 
glow emission (24, 25). The first main pulse of 
GRB 221009A lasted from 225 to 228 s after 
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Fig. 2. Intrinsic and observed flux spectra for five time intervals. (A) The intrinsic spectra corrected 
for EBL attenuation, assuming power-law functions in the calculation (23). (B) The observed spectra obtained 
by reapplying the EBL attenuation to the corresponding intrinsic spectra. The shaded bands indicate 

lo ranges of statistical uncertainties (inner bands) and systematic uncertainties (outer bands). The 
systematic uncertainties are further divided into detector-related (middle band in light blue) and EBL-related 
(outer band in light cyan) components. The 95% upper limits on the intrinsic flux during the initial main 
burst phase (To + [220, 230] s) are indicated by dark orange triangles in (A). The EBL model (22) and its 
uncertainties are used to calculate the spectra and estimate the systematic uncertainties. The wave-like 
features in the observed spectrum are caused by the EBL attenuation at different wavelengths. An alternative 
calculation, independent on the EBL model, is shown in fig. S4. Goodness-of-fit tests are shown in fig. S5, 


and the results are listed in table S1. 


the GBM trigger (16, 21), indicating that T* is 
in the range of 225 to 228 s. We measured 7* 
by fitting the LHAASO light curve with a 
model consisting of multisegment power-laws 
(23), finding T* = 225.7135 s (fig. S6). In the 
following analysis, we adopt T* = 226 s. 
Figure 3 has a four-segment shape, consist- 
ing of a rapid initial rise, a slower rise up to the 
peak, a slow decay after the peak, and then a 
steep decay after a break, each of which is con- 
sistent with a power-law function of time. We 
fitted the data with a semismoothed quadruple- 
power-law model [(SSQPL) in which a smoothed 
triple-power-law is connected to an initial rapid 
power-law rise] (23). We find that the slope of 
the rapid rise is a9 = 14.9737, the slope of the 


slow rise is oy = 1.82*6:34, the slope of the slow 
decay after the peak is og = —1.1151} 6), and 
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the slope of the steep decay after the break is 
og = —2.21°0 2°. The transition time from the 
rapid rise to the slow rise phase is 7}o = 
T* + 4.8510 s, the peak time is Tpeak = T*+ 
18.0'75 s, and the break time to the steep de- 
cay is Th» = T* + 67077 s (table S3). 

Although the rapid rise is evident in the light 
curve (fig. S8), the observations have insufficient 
temporal resolution to constrain the functional 
form of such a rapid rise. We assume a power- 
law because it is consistent with the other three 
segments of the light curve. 

We verified that the steep decay is required 
by comparing the four-segment model with a 
three-segment model with only one segment 
for the whole decay phase (Fig. 3). We find that 
the four-segment model improves the fit over 
the three-segment model with a significance of 
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Fig. 3. Energy flux light curve and spectral evolution in the VHE band for GRB 221009A. (A) The light 
curve converted to energy flux, integrated over the energy range of 0.3 to 5 TeV. Blue points indicate the 
observations, with error bars indicating the ~lo statistical uncertainty [the systematic uncertainty of ~10.7% 
(23) is not included]. The solid orange curve shows the fitted model, consisting of four joint power-laws that 
describe the four-segment features in the light curve: rapid rise, slow rise, slow decay, and steep decay. The 


dark red dashed line shows 


he three-segment model, which has only one segment for the entire decay 


phase. The best-fitting parameter values for both models are listed in table S3. (B) The temporal evolution 
of the power-law spectral index (blue circles) of photons, determined from the time-resolved intrinsic 
spectra. The orange line is the function y(t) = a log(t) + b fitted to the data points. This model is flat before 
To + 230 s. The time intervals for the spectrum fitting in Fig. 2 are labeled a to e in gray in both panels. 
The average spectral indices of these five intervals are indicated by gray hollow squares in (B). 


9.20 (23), indicating that a separate steep de- 
cay phase is justified by the data. 

We also applied the four-segment model to 
light curves of sliced data samples with different 
energy bands (Fig. 4 and fig. $7). The best-fitting 
parameters are listed in table S3. The peak times 
for different energy bands agree with each other, 
within the uncertainties, without any spectral 
evolution, which indicates that the peak corre- 
sponds to the onset of the afterglow phase. 
The break in the decay phase of the light curve 
is observed in all energy bands. We find no 
systematic shift of the break time, which is 
also constant within the uncertainties. 

We identify a small flare at T* + [320, 550] s 
(fig. S9). To check whether this flare affects 
the break at t, we masked the data during 
the flare period when performing the fitting. 
This analysis shows that the break’s behav- 
ior remained the same, indicating that the flare 
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does not affect the identification of the steep 
decay. 

A potential systematic uncertainty in the 
flux arises from the adopted EBL model. To 
test whether the uncertainty in the EBL affects 
the light curve, we recalculated the light curve 
using the EBL intensities at the lower and 
upper boundaries of the EBL model (22). We 
then fitted the light curve with the same pro- 
cedure, and the results are given in table S3. We 
find that the slopes and break times in the light 
curves remain almost unchanged, although 
the intrinsic fluxes change systematically. 


Interpreting the TeV emission 


TeV gamma-ray emission could be produced 
by relativistic electrons accelerated by internal 
shocks during the prompt emission (26) or by 
external shocks during the afterglow phase (2-4). 
The smooth temporal profile of the TeV emis- 
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sion in GRB 221009A suggests that it mainly 
results from an external shock. Synchrotron 
emission of relativistic electrons has a maximum 
energy of <1 TeV if the electrons are accelerated 
and radiate in the same zone, therefore the TeV 
emission of GRB 221009A is probably produced 
by SSC of relativistic electrons in the external 
shock, as has been proposed for previous TeV 
afterglows (7, 27, 28). 

In the external shock model, the rise phase 
before the peak corresponds to the afterglow 
onset, where the forward-moving external shock 
sweeps up an increasing amount of ambient 
matter before being substantially decelerated 
(known as the coasting stage). The density 2 of 
the ambient matter is described by n(R) °< Re, 
where R is the radius of the external shock, & = 0 
corresponds to a homogeneous medium, and 
k = 2 is expected for a stellar wind from the 
GRB progenitor. In the homogeneous medium 


case, the flux increases with time as ¢ during : 


the coasting stage, where ¢ is the time since 7* 
in the observer frame, provided that the ob- 
served frequency is above the peak frequency 
of the SSC spectrum (i.e., in the spectral re- 
gime of F, < v ”’?, where F, is the flux density 
at frequency v, and p is the power-law index of 
the electron energy distribution) (23). In the 
stellar wind case, the light curve of the TeV 
afterglow is expected to be flat or possibly de- 
cline with time in the same spectral regime 
(23, 29). To produce a rising flux in the wind 
medium case, the Lorentz factor I (defined as 
T = 1/\/1— B?, where f is the velocity of the 
shock divided by the speed of light c) of the 
forward shock must increase with time, per- 
haps as a result of energy injection. The rising 
slope that we observe, 0; = 1.82*}:73, is con- 
sistent with homogeneous medium without 
energy injection, so we infer & = 0. The initial 
rapid rise phase has a high slope, albeit with a 
large uncertainty. F, °< ¢* might apply at this 
stage because the spectrum is expected to be 
harder (F, << v-?-») at such an early time (23). 
This phase overlaps in time with the strongest 
pulses of the prompt main burst emission 
(16, 21), so energy could be transferred to the 
external shock by the inner ejecta, producing a 
rapid flux increase (23). 

After the peak, the expected decay of the SSC 
emission is ¢ ©?!’ in the spectral regime 
of Fy, vy?! ? when the IC scattering is in the 
Thomson regime (28). Depending on the phys- 
ical parameters, the scatterings could enter 
into the Klein-Nishina (KN) regime, where the 
photon energy (in the rest frame of the scat- 
tering electron) becomes similar to the elec- 
tron rest-mass energy. In the KN regime, the 
decay is t-*) in the spectral regime of F,, 
yeu (23). Both interpretations are consistent 
with our observed decay slope, o. = —1.115*5:3i5» 
for p ~ 2.1, although the observed spectrum 
in this period is slightly softer than the mod- 
el prediction. 
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Fig. 4. Energy flux light curve in the VHE band for six N,,, segments. 

(A to F) The six segments are: [30, 33) (A), [33, 40) (B), [40, 63) (C), [63, 100) 
(D), [100, 250) (E), and [250, +00) (F). The median energy (Emedian) and 

point spread function (PSF) are labeled in each panel; the PSF is given as 68 
and 99% containment in degrees. The orange solid lines in (A) to (E) are 


The light curve steepening at tf). ~ 670s 
after 7* cannot be a result of the KN scattering 
effect because the spectrum after the break does 
not soften. The steepening that we observe re- 
sembles a jet break, which occurs when the 
Lorentz factor of a GRB jet drops to 1/09, where 
Qo is the initial half-opening angle of the jet. At 
this time, the jet edge becomes visible to the ob- 
server, causing a steepening in the light curve by 
t*/* for a homogeneous medium (30, 31). If the 
lateral expansion of the jet is fast enough (32-34), 
a steeper decay is expected after the jet break 
for the VHE emission (23). The early jet break 
of GRB 221009A implies a small 00, given by 


-1/8 1/8 ( to a 
00 ~ 0.6°F;, 2x Ng (a3 ) (1) 


where £;, is the isotropic kinetic energy of the 
ejecta, 2 is number density of the circum-burst 
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medium, and we adopt the convention that 
subscript numbers 2 indicate normalization 
by a factor of 10” in centimeter-gram-second 
(cgs) units. This reduces the required energy in 
gamma rays to Ey; = Eyis04/2 ~ 5.5 x 10°° 
Ey iso,55 ($25) * erg for GRB 221009A. This is con- 
sistent with the typical energy reservoir of GRB 
jets (35). It has been suggested that GRBs could 
have a quasi-universal beaming configuration— 
a structured jet with high anisotropy in its 
angular distribution of the fireball energy about 
the symmetry axis (36, 37). Under this assump- 
tion of a universal jet structure for GRBs, a small 
opening angle of GRB 221009A could imply 
that the brightest core of a structured jet was 
visible from Earth before the break, explain- 
ing the high isotropic-equivalent energy of this 
GRB. Combined with the low redshift of the 
source, the small opening angle also explains 
the high fluence (brightness) of this GRB. 
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four-segment models fitted to the data. The overall fit in Fig. 3 is shown as 
the dashed line in (F) for comparison. During fitting, two parameters—the 
transition time from the rapid rise to the slow rise phase and the sharpness of 
the transition from the slow decay to the steep decay phase—were fixed to the 
values obtained from Fig. 3. 


Our identification of the TeV afterglow on- 
set time can be used to estimate the initial 
bulk Lorentz factor 9 of the jet. The peak 
time (Zpeax ~ 18 s after T*) of the light curve 
corresponds to the deceleration time, when 
most of the outflow energy is transferred to 
the shocked external medium. The initial bulk 
Lorentz factor is then 


3 1/8 
3(1 + 2) Ex 
ad ea 7 
B2TNM pC Coeak 


1/8 —1/8 { tpeak “wie 
2 ne 
= 440 Ey’ 55M (=) (2) 


where m, is the proton mass, and c is the 
speed of light. [9 is almost insensitive to E;, and 
n. The initial Lorentz factor of GRB 221009A 
is consistent with the upper range of values 
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Fig. 5. Multiwavelength modeling of GRB 221009A. Data points indicate the 
observations, and curves are the output of the model, which assumes afterglow 
emission arising from external forward shocks, emitting synchrotron and SSC radiation. 
The adopted parameters are: £,, = 1.5 x 10° erg, Mp = 560, €¢ = 0.025, eg = 6 x 10%, 
not a unique solution 


p =22,n=04cm®, and @ = 08° although these are 


for previous GRBs with measured Ty inferred 
from afterglow deceleration (38). This im- 
plies that more energetic GRBs (in isotropic 
energy) have a larger initial Lorentz factor for 
the outflow. 


Multiwavelength modeling 


We performed multiwavelength modeling (23) 
of the Swift-XRT, Fermi-LAT (39), and LHAASO 
data assuming synchrotron plus SSC radiation, 
within the framework of our interpretation of 
the afterglow emission as arising from exter- 
nal forward shocks. We use the full KN cross 
section for the IC scattering and incorporate 
two-photon annihilation (yy) absorption with- 
in the source (23). For the jet break, we con- 
sider only the geometric effect when the jet 
edge is seen by the observer. Because the inner 
core of the structured jet could be responsible 
for the early-time afterglow emission, we con- 
sider only the data for the first ~10* s after the 
burst. The late-time afterglow emission could, 
in principle, include additional contributions 
from the outer wider components of the struc- 
tured jet (40, 41). 

We find a model that is consistent with 
the broadband light curves and the LHAASO 
spectra at various time intervals (Fig. 5) un- 
der the following conditions (23): The ini- 
tial isotropic-equivalent kinetic energy of 
the forward shock is E;, ~ 1.5 x 10°° erg, and 
the initial bulk Lorentz factor is ly ~ 560. The 
electrons and magnetic field behind the shock 
carry fractions e, ~ 0.025 and eg ~ 6 x 10%, 
respectively, of the dissipated energy of the 
shock. The power-law index of the electron 
distribution is p ~ 2.2, and the density of the 
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circum-burst medium is n ~ 0.4.cm™~®. Because 
there is degeneracy in the parameter space, 
these parameters are not the only possible 
choice. 

In this model, the x-ray afterglow is produced 
by synchrotron emission, and the TeV after- 
glow is produced by SSC emission, whereas 
the 0.1 to 10 GeV afterglow measured by 
Fermi-LAT has contributions from both syn- 
chrotron and SSC emission. We find that e, > 
€g for the external shock, which is a neces- 
sary condition for efficient SSC radiation. The 
internal yy absorption is not strong, with op- 
tical depth <1 for gamma rays of 5 TeV (23). 
The half-opening angle in the model is 09 ~ 0.85 
consistent with the analytical estimate. The 
resulting model SSC spectrum is harder than 
the observed spectrum at low energy during the 
first two time intervals (Fig. 5B), similar to 
the previously studied TeV spectrum of GRB 
190829A (9). This discrepancy between the 
model and observation could be a result of 
additional contributions to the flux measured 
by LHAASO-WCDA by some other emission 
processes, such as external IC emission. 


Limit on prompt TeV emission 


In the optically thin synchrotron scenario for 
prompt emission in GRBs (42, 43), the SSC 
emission produced by the same population 
of relativistic electrons generates GeV to TeV 
gamma rays (26). Previous observations ob- 
tained only loose upper limits on the TeV flux 
during the prompt emission phase (44). GRB 
221009A was observed by LHAASO during the 
main burst phase, yielding a differential flux 
limit of ~6 x 10-8 erg cm sat ~1 TeV from 
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Energy [TeV] 


(see text). (A) Light curves at keV (0.3 to 10 keV; black), GeV (0.1 to 10 GeV; red), and 
TeV (0.3 to 5 TeV; blue) energies for the first ~10* s after the burst. (B) LHAASO- 
WCDA spectra at five time intervals. The shaded regions indicate lo ranges of 
statistical uncertainties (inner band) and systematic uncertainties (outer bands). 
The five colored lines indicate the output of the model for the five time intervals. 


To + 220 s to Ty + 230 s (Fig. 2). Compared with 
the averaged MeV flux during the same period, 
which is 3 x 10°? erg cm s [in the 20 keV to 
15 MeV range; we regard this as a conserva- 
tive estimate because of the saturation effect 
on the gamma-ray detectors (J6)], the flux 
ratio between TeV and MeV emission is R = 
Frey /Fuev < 2 x 10~>. This is a stronger con- 
straint than previous observations. 

The internal yy absorption suppresses the 
TeV flux during the prompt emission because 
the radius of the internal shock or dissipa- 
tion is much smaller than that of the external 
shock. The internal dissipation radius can be 
estimated if we know the variability timescale 
of the prompt emission. Before the saturation 
of the GBM data, the shortest variability time- 
scale of GRB 221009A was t, ~ 0.082 s (39), 
implying that internal dissipation occurs at 
a distance from the source of Rin ~ 203cty = 
10% em(T /440)” (t, /0.082 s). We estimate the 
optical depth for TeV emission to be ty ~ 
190(Rin/10%cm) ‘ (23), producing strong at- 
tenuation of TeV photons, which could ex- 
plain the very low flux ratio between TeV and 
MeV emission. 


Summary and conclusions 


LHAASO observed the bright GRB 221009A at 
the epochs covering both the prompt emission 
phase and the early afterglow in the TeV band, 
revealing the onset of afterglow emission in 
the TeV band. We identify a jet break in the 
light curve of GRB 221009A, indicating that 
the opening angle of GRB 221009A is ~0.8° Un- 
der the assumption of a universal jet structure 
for GRBs, this implies that the orientation of 
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this GRB was such that the brightest core of a 
structured jet was visible from Earth, ex- 
plaining the brightness of this GRB. 
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TECHNICAL COMMENT 


ARTHROPOD EVOLUTION 


Comment on “The lower Cambrian 
lobopodian Cardiodictyon resolves the origin 


of euarthropod brains” 


Graham E. Budd“, Georg Mayer’, Ralf Janssen’, B. Joakim Eriksson? 


Strausfeld et al. (Report, 24 Nov 2022, p. 905) claim that Cambrian fossilized nervous tissue supports 
the interpretation that the ancestral panarthropod brain was tripartite and unsegmented. We argue that 
this conclusion is unsupported, and developmental data from living onychophorans contradict it. 


he debate over the composition of the 
panarthropod head has been ongoing 
for well over a century without abating 
[we use panarthropods to refer to the clade 
consisting of onychophorans, tardigrades, 
and euarthropods (mandibulates and cheli- 
cerates)]. The proposal that the panarthropod 
brain includes a pre-oral and non-segmental 
“acron”, historically based on a supposed affi- 
nity with annelids, has proved to be particularly 
durable. Strausfeld et al. (2) argue that the 
Cambrian lobopodian +Cardiodictyon catenulum 


reveals the ancestral panarthropod brain to 
consist of three non-segmental units: the proso-, 
proto- and deutocerebrum (their cel, ce2, and 
ce3). In addition, they argue these three com- 
ponents originated separately from the euar- 
thropod ventral ganglionated nerve cord. They 
thus revive the ideas of entomologists such as 
Snodgrass (and earlier workers), who argued 
that essentially everything in front of the in- 
sect mouth was non-segmental in origin. 
Strausfeld et al. base their conclusions on 
the distribution of rust/magenta-colored min- 


\. 


erals in tC. catenulum, which they suggest Chee 


derived from iron-yielding nervous tissue. H.. 
ever, muscle (for example) also contains iron 
(2), and we argue the evidence they present 
does not support their conclusion. The faint 
dorso-ventral lineation seen in the trunk could 
just as well be related to the exterior annula- 
tion of the animal. In addition, the diffuse and 
irregular anterior coloration they interpret as 
a tripartite nonsegmental brain shows no ob- 
vious threefold division (e.g., their fig. S5F), 
and in part clearly follows the outline of the 
gut (their fig. S5, A and B). 

In the extant lobopodians (tardigrades and 
onychophorans), the developing nervous sys- 
tem and somites can be studied in detail, with 
tissue-specific stains (3). In onychophorans, 
the origin and subsequent fate of the coelomic 
cavities is clear: the somites associated with 
the antenna and jaws form part of a series 


with the others that originate posteriorly and . 


move anterior (Fig. 1, A to F), so the first (an- 
tennal) somite comes to lie in front of the mouth 


‘Department of Earth Sciences, Palaeobiology, Uppsala 
University, 752 36, Uppsala, Sweden. “Department of 
Zoology, Institute of Biology, University of Kassel, 34132, 
Kassel, Germany. “Department fir Neurowissenschaften und 
Entwicklungsbiologie, Universitat Wien, A-1030, Vienna, 
Austria. 

*Corresponding author. Email: graham.budd@pal.uu.se 


Fig. 1. Segment formation during early onychophoran development. (A to F) DAPI staining of embryos of Euperipatoides kanangrensis at consecutive 
developmental stages in ventral view. Anterior is to the left. Magenta arrowheads indicate anterior border of embryonic slit; yellow arrowheads point to anterior 
borders of germ band (B) and first/antennal pair of somites (C) to (F). Note that like in subsequent trunk segments, the head somites (as, js, ss) appear in the 
posterior segment addition zone (sz) and migrate anteriorly (dotted arrows). Abbreviations: as, somite of antennal segment; js, somite of jaw segment; ss, somite of 
slime papilla segment; sz, segment addition zone. Scale bars: 200 um [for (A) to (F)]. New images of sequence illustrated in figure 1 of (5). 
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Fig. 2. Segmental features of the onychophoran head. Bisbenzimide staining (A and C), mRNA 
localization of segment-polarity gene engrailed (C), and anti-acetylated O-tubulin immunolabeling (D). 
Confocal (A), (C), (D) and light (B) micrographs. Anterior is to the left in (A) and (B) and up in (C) and (D). 
(A) Optical sagittal section of embryo of Principapillatus hitoyensis, illustrating the space-filling mesodermal 
somites with their coeloms. Note that there is no additional tissue anterior to the first/antennal somite. The 
first somite corresponds to the prosocerebrum and protocerebrum of (2), and the second to their 
deutocerebrum, all three of which are described as asegmental. (B) Segmentally repeated expression of 
engrailed in the ectoderm of a segmenting embryo of Euperipatoides rowelli. Note that all three cephalic 
segments are demarcated by posterior engrailed stripes (arrowheads). (C) Anterior region of stage IV embryo 
of E. rowelli in ventral view. Note that there is no additional tissue anterior to antennal segment, although 
neuroectoderm (ne) corresponding to each segment is already present at this stage [cf. (4, 5)]. (D) Confocal 
micrograph illustrating the transitory nephridium (arrowhead) at the base of the antenna in the embryo of 
Epiperipatus biolleyi, suggesting serial homology with the walking limbs (9). Abbreviations: an, antennal 
neuropil; as, antennal somite/segment; at, antenna; cn, developing central neuropil; co, coelomic remnant of 
antennal segment; ec, ectoderm; ey, developing eye; jn, jaw nerve; js, jaw somite/segment; jw, developing jaw; 
le, developing first leg; ne, neuroectoderm of developing proto- and deutocerebrum, corresponding to cel to 
ce3 of (2); sp, developing slime papilla; ss, slime papilla somite/segment; st, stomodaeum; sz, segment 
addition zone; ts, anteriormost somite/segment of trunk. Scale bars: 200 um (A); 500 um (B); 100 pm (C); 
300 um (D). (A) and (B) reproduced from figures 1L and 3A of (7); (C) from figure 3B of (13); and (D) from 
figure 3D of (14), all reproduced under a Creative Commons license. 


(4). We therefore believe that there can be no 
doubt that there are mesodermal segmental 
components of the very anterior of the ony- 
chophoran head (despite being anterior to 
Hox gene expression) (7). In addition to the 
coelom, each of these somites (including the 
most anterior) is associated with a posterior 
engrailed stripe [(5, 6) contrary to figure 3 of 
Strausfeld et al.], an appendage (7), and an at 
least transitory nephridium (7) (Fig. 2, A to D). 
Developmentally then, all these components, 
including appendages, can be seen to be ex- 
tremely similar to each other and to be clearly 
segmental. We argue the segmental composi- 
tion of the panarthropod head at least, is thus 
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not an “assumption” as per Strausfeld e¢ al., but 
a well-established empirical fact, as noted long 
ago by Manton (8). Manton’s arguments remain 
as valid today as then and additional support 
comes from recognizing that panarthropods 
are monophyletic (so that onychophorans are 
directly relevant to the study of euarthropods) 
and from molecular developmental data. 
Whether or not the ancestral panarthropod 
ventral nervous system comprised a chain of 
ganglia, as in tardigrades and euarthropods, or 
a medullary pair of unsegmented nerve cords, 
as in onychophorans, is unclear, although re- 
cent study has failed to find ganglionic struc- 
ture in onychophorans (3). This complicates 
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the classical argument that “segments” should 
contain pairs of ganglia, because the evidence 
from at least onychophorans is compatible 
with the groundplan of the panarthropod (and 
indeed ecdysozoan) central nervous system (CNS) 
being largely unganglionated. The nervous 
system of onychophorans nevertheless has a 
distinct segmental appearance because of the 
segmental spacing of nerves leading into the legs 
and head appendages (3), which themselves 
correspond to the embryonic somites: and the 
most elaborated of these segmental features is 
naturally the most anterior, which includes the 
optic and major brain neuropils. It is tempting 
to speculate that these aggregations were in- 
deed the evolutionary origins of the euarthropod 
segmental ganglia (3, 9) but if so, appendage- 
associated head ganglia would have evolved in 
the same way as those in the trunk. 

Every anterior part of the onychophoran body 
is thus segmental and underlain by a pair of , 
mesodermal somites with coeloms; and the 
CNS, although probably at base non-segmental, 
nevertheless has sets of neurons and swellings 
along it that correspond to the segmental ap- 
pendages including the antenna and jaws. In 
addition, there is no part of the anterior ner- 
vous system or other tissue that develops ante- 
rior to the anterior-most somite (Fig. 2A, C). 
Finally, it can be noted that the segment-polarity 
gene network established in the ectoderm re- 
veals that this, too, can be considered segmen- 
tal (4) (Fig. 2B). 

Fossil evidence from tC. catenulum must be 
considered in this light, together with infer- 
ences that can be drawn from other fossils. 
Cambrian lobopodians show a variety of an- 
terior adaptations with differing numbers of 
specialized appendages (10). However, the 
widespread occurrence of a single differen- 
tiated frontal appendage (and implied single 
brain compartment), seen also in the more 
euarthropod-ward taxa such as tKerygmachela 
kierkegaardi and radiodontids, suggests this is 
the ancestral character state (0, 17). The char- 
acter state of tC. catenulum is thus likely to 
be derived and not informative about the 
panarthropod groundplan state. Strausfeld et al. 
argue that tK. kierkegaardi and lobopodians 
such as tAysheaia pedunculata have lost their 
ce2 and ce3 domains but they provide no evi- 
dence for this, and in addition, this character 
distribution in their own phylogeny would im- 
ply these domains would have to then re-evolve 
in the more crownward stem-euarthropods. 
More simply, the anterior structures in ony- 
chophorans and Cambrian lobopodians in- 
cluding tC. catenulum are likely to be modified 
segmental walking appendages, as they demon- 
strably are in onychophorans and it is unclear 
why the evidence from tC. catenulum should 
dissuade one from this view. 

The onychophoran and euarthropod heads 
may well incorporate ancient features of the 
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brain that were inherited from their deep bi- 
laterian ancestors (12). However, if so, they are 
all contained within the anterior appendage- 
bearing segment in at least onychophorans, 
and do not correspond to the overt anterior- 
posterior divisions of the CNS, which are clearly 
segmental in origin. 
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ARTHROPOD EVOLUTION 


Response to Comment on “The lower Cambrian 
lobopodian Cardiodictyon resolves the origin 


of euarthropod brains” 


Nicholas J. Strausfeld’*, Xianguang Hou’, Marcel E. Sayre®, Frank Hirth** 


Budd et al. challenge the identity of neural traces reported for the Cambrian lobopodian Cardiodictyon 
catenulum. Their argumentation is unsupported, as are objections with reference to living Onychophora 
that misinterpret established genomic, genetic, developmental, and neuroanatomical evidence. 

Instead, phylogenetic data corroborate the finding that the ancestral panarthropod head and brain is 


unsegmented, as in C. catenulum. 


ontemporary genetics and genomics 
can inform paleontological observations 
for comparing traits across taxa. Using 
this combined approach to compare ce- 
rebral arrangements across panarthrop- 
ods, including the lower Cambrian lobopodian 
Cardiodictyon catenulum, resolves a common 
ground pattern of organization (7). Without 


Fig. 1. Chromatic filtering and energy dispersive 
x-ray spectroscopy reveal fossil neural traces. 
(A) Chromatic filtering reveals the retina, optic tract, 
and neuropils of the radiodontan Lyrarapax unguispinus 
(Cong et al. Nature 513:538-542). Upper panel: raw 
image taken with white light; middle panel: suppression 
of spectra other than blue showing additional evidence 
of structures supporting energy dispersive x-ray 
spectroscopy of carbon deposits (lower panel). 

Scale bar = Imm. (B-G) Trunk limbs of Cardiodictyon 
catenulum are distinct from its cephalic appen- 
dages. (B) Paired trunk limbs extend laterally from loci 
immediately adjacent to the trunk's midline (arrows). 
(C) Trunk rotated counterclockwise by about 15° 
around the anterior-posterior axis shows empty limb 
socket (upper box) paired with socket (lower box) 

of the intact contralateral limb. Whereas the trunk 
lacks microannulation, the enlargement (inset) shows 
microannulations (three indicated by dots) typical of 
trunk limbs, which are the only appendage with a 
terminal claw (inset, arrow). (D) Absent the epidermis, 
the trunk reveals limbs and their articulation points 
(spherical density, boxed) from which rod-like 
elements (double arrows) extend to the limb’s claw. 
(E) Longitudinally split fossil reveals the ce3 cephalic 
appendage seemingly unattached (white arrow, boxed 
area high contrast in E'), contrasting with a trunk 
limb attached to its point of articulation (open arrow). 
(F) Oblique top-down view of the head showing one 
seemingly unattached limb extending from under the 
trunk (white arrow), whereas three cephalic appen- 
dages originate from points of articulation from 
beneath the head’s margin (open arrows, box refers to 
high contrast image in F’). (G). Summary diagram 
comparing dispositions of segmental trunk limbs and 


new evidence, Budd et al. (2) resort to two 
lines of argumentation to dispute this find- 
ing. The first challenges our characteriza- 
tion of the Cardiodictyon nerve cord and 
brain. The second argues for a segmented 
head and brain of Onychophora. Neither 
argument counters evidence reported by 
Strausfeld et al. (1). 


( 


Budd et al. (2) dispute that neural collate ne 
extend from the C. catenulum ventral nl-.< 
cord [figure 2, A to D, in (J)], claiming that 
they might instead represent body wall an- 
nulation or, failing that, then musculature. 
The decay of neural tissue faster than muscle 
appears to favor iron deposition and hence 
carbon (3), the latter demonstrated by chro- 
matic filtering and energy dispersive x-ray 
spectroscopy (Fig. 1A). Micro-annulation is 
absent for the C. catenulum trunk but is re- 
solved for trunk limbs (Fig. 1C). Sparse mus- 
cles conjectured by Budd (4) for stilt-legged 
lobopodians would bear no correspondence 
to branched collaterals of the ventral nerve 
cords revealed by chromatic filtering [figure 
S4 in (D]. If in C. catenulum there existed 
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three unique pairs of appendages from the asegmental head. Scale bar for inset to C = 50um. B, D = 200pum; E, F = 250um. 
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body wall muscles within segments and lon- 
gitudinal muscles extending between seg- 
mental sclerites, neural processes extending 
ventrodorsally would be consistent with both 
organizations. 

Budd e¢ al. misdirect in asserting we identify 
a tripartite brain in C. catenulum. We empha- 
size a continuum of trace deposits, interpreted 
as neuropil resolved in an unsegmented head, 
in which three domains align with three unique 
(Fig. 1, E to G) appendage pairs, distinct from 
trunk appendages (Fig. 1, B to D), and seriate 
features of the foregut—the suggestion being 
that these domains further evolved as neuro- 
meres in crownward panarthropods (7). Budd 
et al.’s objection to deposits partially outlin- 
ing the foregut ignores the brains of extant 
euarthropods, notably chelicerates, which are 
perforated by the foregut. 

Placing Cardiodictyon basal within an ab- 
breviated ecdysozoan phylogeny but outside 
the panarthropod crown group is justified [see 
supplemental material in (J], as is attributing 
in Kerygmachela apical traces to a prosocere- 
brum (cel) distant from the endomesodermal 
interface. Budd et al. object that loss of ce2 and 
ce3 requires their re-evolution in more crown- 
ward stem euarthropods. This is demonstrably 
wrong since loss of ce2 and ce3 applies only to 
the branch providing Kerygmachela as shown 
in figure S8 of (7). The same applies to trunk 
ganglia in Onychophora: evolved loss of gan- 
glia but longitudinal expansion of synapse-rich 
nerve cords is a trait mapped by us exclusively 
onto the onychophoran trajectory (7). 


Fig. 2. Corresponding genetics A 
and brain center organization 
in Onychophora and Euarthro- 
poda. (A) Alignment of onychoph- 
oran and mandibulate with 
reference to their endomesodermal 
interface (emi) demonstrates 
corresponding expression patterns 
of homologous genes, the combi- 
nation of which define the brain as 
three cerebral domains. Note that 
homeotic (Hox) gene expression 
defining mesoderm-related segmen- 
tation of the trunk does not extend 
anterior to the emi (1). (B) Each 
cerebral domain cel-ce3 is further 


Onychophora 


Budd et al.’s second line of argument focuses 
on living onychophorans, evoking supposed 
ancestral traits to challenge interpretations 
of C. catenulum. Onychophora is, however, 
an extant taxon allowing alignment of its brain, 
neuropil centers, and unique cephalic ap- 
pendages with those of other panarthropods 
(Fig. 2) (2). Budd et al. refers to what are de- 
scribed as transitory coelomic cavities of “neg- 
ligible volume” (5) and a possible nephridium 
(6) to claim head mesoderm is segmental thus 
indistinguishable from trunk segmentation 
despite the absence of mesoderm-specific 
homeotic (Hox) gene expression. In contrast, 
neither early embryonic development nor ex- 
pression patterns of developmental control 
genes (Fig. 2A) support Budd e¢ al.’s claim. 
Budd et al. lean heavily on Manton’s 1949 sche- 
matics of onychophoran development. These 
included recognition of rostral pre-stomodeal 
“optic rudiments” in Crustacea appearing 
before the specification of trunk segments 
[figure 6 in (7)]. A corresponding feature in 
Onychophora would not have suited Manton’s 
polyphyletic Arthropoda. Yet her sketches of 
the developing onychophoran Peripatopsis 
balfouri [figure 7, K to M, in (7)] suggest tissue 
rostral to the stomodeum prior to the first ap- 
pearance of segmentation. Manton reported 
that mesoderm migrates rostrally from a post- 
oral position thereby populating the head [see 
plate 38, figs. 79 to 84, in (7). However, there is 
no genetic evidence for mesoderm-related coe- 
lomic cavities in the onychophoran head, con- 
sistent with the absence of Hox gene expression 


metanephirida 


= nephrocytes 


Twist 
— mmm exd 


characterized across panarthropods ~=B 
by corresponding arrangements 

of circuits, the development of which 
depend on specific combinatorial 
expression patterns of homeobox 
transcription factors (listed to the 

right of the relevant domain). 


Mandibulata 


(Fig. 2A). Manton (7) also described the post- 
oral progression of growth caudally, accordant 
with an onychophoran-specific role of Notch- 
Delta in posterior growth but not in segmen- 
tation (8). The gene Twist is an evolutionarily 
conserved key regulator for mesoderm spec- 
ification (9), the expression of which is re- 
stricted to the trunk in Onychophora (J0), as 
it is in euarthropods (Fig. 2A) and in other 
phyla (9). The genetic network for mesoderm- 
related nephridia formation applies to the 
onychophoran trunk (17), but not to its head 
(Fig. 2A). Together these data establish that 
head mesoderm in Onychophora is no indi- 
cator for segmentation unless one would pos- 
tulate non-Twist-non-Hox mesoderm, for which 
there is no evidence. 

Correspondingly, there is no genetic evidence 
for brain segmentation in Onychophora. Early 
transient, anterior engrailed expression is 
consistent with its ancestral role in neural . 
fate specification, but not segmentation (12). 
Likewise, the reported ‘segment-polarity’ gene 
expression patterns suggest a role in organo- 
genesis but not segmentation (73). This also 
applies to homologs of the conserved pattern- 
ing genes extradenticle (exd) and ventral ner- 
vous system defective (und)/NK2.1/NK2.2 (14, 15), 
with corresponding expression across euarthro- 
pods (16-18) (Fig. 2A). In Onychophora, neuro- 
genesis is characterized by “massive irregular 
segregation of neural precursors” (19), in con- 
trast to the regular, neuromere-related segrega- 
tion typical for euarthropod trunk neurogenesis. 
Expression of the patterning genes ForQ2 and 


|| ce1prosocerebral | 


!) ce2 protocerebral | asegmental brain 


(0) ce3 deutocerebral | 


[EY endomesodermal interface (emi) 


HE segmented trunk nervous system 


For Euarthropoda, these domains 


are referred to as the proso-, proto-, 
and deutocerebrum (1). T1 indicates 


jo | segmental trunk 
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central body complex 
secondary/compound 
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optic glomeruli 
mushroom bodies 
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homeobrain (hbn) unambiguously identifies 
the cel domain across total Panarthropoda 
(18, 20, 21), consistent with Sixv3, Pax6é and 
non-Hox expression territories that together 
demarcate ce2 and ce3, which are genetically 
distinct from the trunk (Fig. 2A). 
Developmental genetics is consistent with 
and regulates the formation and functions of 
domain-specific brain centers that correspond 
across panarthropods, including Onychophora 
(Fig. 2B): cel-specific Six3, FowQ2 and hbn de- 
fine prosocerebral rostral visual pathways and 
the central body; ce2-specific Otx and Pax6 
define protocerebral optic and memory pro- 
cessing neuropils; ce3-specific Emax, Nk2 and 
Fad determine deutocerebral chemosenso- 
ry integration centers (J, 18, 27). Taken to- 
gether, we conclude that arguments offered by 


Strausfeld et al., Science 380, eadg6051 (2023) 


Budd e¢ al. comprehensively fail to refute any of 
the findings reported in Strausfeld et al. (1). 
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Editorial Expression of Concern 


On 30 September 2021, Science published the Research Article “Light-induced mobile factors from shoots 
regulate rhizobium-triggered soybean root nodulation” by Tao Wang et al. (1). The editors have been made 
aware that data presented in Fig. 5 assessed GmNSPI expression rather than GmNIN expression. We are 
alerting readers to these concerns while the authors provide additional data to correct the manuscript. 


H. Holden Thorp 
Editor-in-Chief 
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What | owe my mentor 


oon after I took my first steps into a research lab as a bright-eyed, first-year college student, 

things went awry. I left all the enzymes at room temperature overnight, not knowing they 

needed to be stored frozen. This setback could have discouraged me from performing solo ex- 

periments. But it didn’t, thanks to the kindness of my mentor. Saurja, who was a postdoc, didn’t 

respond with anger or disappointment after I ruined all the newly ordered enzyme stocks. In- 

stead, he patiently guided me through the principles of enzymatic activity and how they vary 
with temperature, turning my mistake into a teachable moment. 


I went on to work with Saurja 
for four more years, helping him 
with his experiments and also 
carrying out my own. After grad- 
uating with plans to pursue re- 
search, I reflected on all the ways 
in which he nurtured my abili- 
ties and set me up for success in 
science. Here are the lessons he 
taught me. 


UNDERSTAND THE BIG PICTURE. In 
my first few weeks in the lab, I 
shadowed Saurja, following him 
around from the gel running rigs 
to chromatography machines to 
group meetings—always with a 
notebook and pen in hand. He 
struck me as an energetic post- 
doc whose brain seemed to spin 
at twice the usual speed, gener- 
ating outside-the-box questions. He explained how RNA 
could act like an enzyme if it folds in specific ways, much 
like proteins do. I had never considered such an idea; it 
seemed to break the rules I learned in biology classes. I 
found his enthusiasm and curiosity infectious, and I ap- 
preciated that he took the time to explain to me what we 
were doing and why. By understanding the overarching 
question, I was better able to plow through the day-to-day 
disappointments of failed experiments and troubleshoot 
problems on my own. 


ASK QUESTIONS. Before starting any experiment, Saurja 
would draw out a schematic depicting what we'd be doing 
and what our expected outcomes were, pausing after to 
see whether I had any questions. At first, I was afraid to 
sound stupid. But he was always patient and didn’t make 
me feel I should have mastered the concept already. That 
gave me confidence to ask more questions and get help 
tackling concepts that seemed alien and dense at first. 


“wish all undergraduate 
researchers could be so lucky.” 


IT’S OK TO MAKE MISTAKES. From 
the start, Saurja showed a level 
of trust in my experimental skills 
that I did not always think I de- 
served. He handed me the pipette 
with total freedom to mess up 
even the most important steps in 
an experiment. Even when I used 
10,000 times more of an expensive 
reagent than I should have, Saurja 
didn’t roll his eyes or get angry. In- 
stead, he told me stories of his own 
mistakes—for instance, how on his 
first day as a postdoc in our lab, he 
broke a gel plate and ruined an ex- 
periment. I learned to reframe fail- 
ure as motivation to learn from the 
situation and do better next time. 


SHARE YOUR SKILLS. After a few 
months in the lab, Saurja and I 
started a project together that required us to write com- 
puter code. That was something I had experience in, and 
it felt great to have the opportunity to teach him. Over the 
years, he’s treated me like a colleague and has always been 
open to a two-way exchange of information, which has led 
us to develop many successful projects. We even published 
a paper together—just the two of us—which has given me 
a tremendous amount of confidence as a young scientist. 
As I look back on my time working with Saurja, I’m 
thankful I had a mentor who instilled in me an unwavering 
desire to learn and who gave me the freedom to be creative 
and contribute my own skills and ideas. I wish all under- 
graduate researchers could be so lucky. I encourage other 
mentors to tap into their own inner excitement for research 
and pass it on to others. Because undergraduate researchers 
aren’t just an extra set of hands in the lab—were also fledg- 
ling scientists who need nurturing and encouragement. 


Zoe Weiss recently completed a bachelor’s degree at Harvard University. 
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